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ABSTRACT 


V 

Ignition  and  heat  release  rates  of  fuel/oxygen/ nitrogen  over 
platinum  wires  are  experlaentally  studied  using  micro-calorimetry, 
aiming  to  gain  additional  understanding  on  the  complex  transport  and 
kinetic  processes  involved  during  catalytic  oxidation  so  as  to  relate 
the  macroscopic  observables  with  the  microscopic  behavior.  The  fuels 
studied  are  propane,  butane,  propylene,  ethylene,  carbon  monoxide  and 
hydrogen.  Parameters  investigated  include  catalyst  surface  temperature, 
fuel  and  oxygen  concentrations ,  and  flow  velocity. 

Results  show  that  for  very  low  Reynolds  number  flows  the  flow 
velocity  has  negligible  influence  on  the  ignition  temperature.  Its 
influence  on  the  heat  release  rates  is  also  negligible  but  only  for  the 
reactions  in  kinetically  controlled  regime.  Variation  of  fuel 
concentration  is  found  to  be  an  important  factor  in  that  the  ignition 
temperatures  of  propane  and  butane  decrease  as  their  concentrations  are 
increased  from  lean  to  rich  mixtures  while  the  opposite  trend  is 
observed  for  propylene,  ethylene,  carbon  monoxide  and  hydrogen.  The 
effect  of  oxygen  concentration  on  the  ignition  temperature  of  propane 
display  a  minimum  on  the  lean  side  of  stoichiometry  whereas  for  carbon 
monoxide  the  ignition  becomes  progressively  easier  as  the  oxygen 
concentration  is  increased.  The  heat  release  rate  shows  that  the 
highly-reactlve  hydrogan/air  mixture  is  usually  diffusion-limited  but, 
propaae/air  is  not  limited  fay  mass  transport  rate.  Other  fuel/alr 
mixtures  show  both  trends  -  kinetically  controlled  at  low  temperature 
range  but  diffusion  limited  at  higher  temperatures.  Based  on  the  above 
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results  a  qualitative  correlation  is  aade  between  the  ignition 
temperature  and  the  chemisorption  strength  of  the  fuel  molecules 
relative  to  oxygen. 
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CHAPTER  I 


INTRODUCTION 


1.1  ORIENTATION 

A  relatively  new  field,  catalytic  combustion  emerged  from  the  union 
of  catalysis  and  combustion,  each  of  which  is  already  a  very  broad 
discipline  by  itself.  Catalysis  alone  involves  research  endeavors  from 
sub-atomic  level  of  solid-state  physics  to  the  molecular  level  in 
organic  and  surface  chemistry,  encompassing  seemingly  unrelated  fields 
such  as  chemical  kinetics  and  physical  metallurgy.  All  these  manifold 
approaches  are  aimed  to  explaining  a  single  phenomenon  that 
characterizes  catalysis  -  a  process  in  which  the  rate  of  chemical 
reaction  is  altered  by  addition  of  some  substance  which  itself  undergoes 
no  permanent  chemical  change. 

Combustion,  on  the  other  hand,  cannot  be  defined  as  one  single 
phenomenon  and,  as  such,  embraces  diverse  research  community.  Problems 
in  ignition,  extinction,  flame  structure,  solid  propellants,  sprays, 
pollutant  formation,  and  internal  combustion  engines  are  but  a  few 
examples  to  which  the  combustion  research  is  addressed. 

Therefore,  catalytic  combustion,  like  a  huge  elephant  in  the  famed 

fable  by  Aesop,  is  an  extensive  field  of  study  which  no  one  research 

effort  can  claim  to  understand  the  whole.  Only  when  numerous 

contributions  from  widely  different  but  related  disciplines  are  combined 

is  the  understanding  of  this  extremely  complicated  field  possible.  This 

present  work  is  one  such  contribution  towards  forming  a  complete  picture 

by  providing  the  results  from  new  findings,  together  with  insights  to 
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explain  the  observed  behavior  at  the  fundamental  level.  This  chapter  is 
devoted  to  providing  the  readers  with  an  orientation  so  that  the 
material  presented  in  this  thesis  can  be  better  understood  in  proper 
perspective. 

1.1.1  Motivation  for  the  Work 

Much  of  the  world's  energy  needs  for  generating  power  and  heat  are 
derived  from  the  burning  of  fossil  fuels.  Over  the  years  through 
compromises  in  the  technical  requirements  of  combustion  chamber 
performances,  material  compatibility,  fuel  handling,  availability  and 
cost  have  resulted  in  somewhat  rigid  specification  for  fuels  which  can 
burn  reliably  and  efficiently.  Apart  from  some  restricted  cases 
involving  the  surface  burning  of  char,  most  of  these  hydrocarbon 
oxidative  reactions  take  place  with  both  reactants  in  the  gas  phase.  A 
unique  property  which  characterizes  the  gas-phase  hydrocarbon  oxidative 
reactions  of  interest  to  combustion  is  the  effective  large  activation 
energy  and,  consequently,  high  temperature  needed  for  reaction  to 
initiate.  Hence,  ignition  is  a  major  concern  associated  with  the  design 
and  the  operation  of  heat  and  power  engines. 

In  addition,  the  rapid  depletion  of  the  global  petroleum  reserve 
has  made  synthetic  liquid  fuels  derived  from  coal,  tar  sand,  oil  shale, 
biomass  and  other  non-conventlonal  sources  more  attractive.  These 
alternate  fuels,  however,  cannot  easily  meet  the  existing  specifications 
without  extensive  chemical  reprocessing.  For  example,  coal-derived 
synfuels  have  higher  viscosities,  boiling  point  ranges  and  aromatic 
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contents .  Ths  first  two  factors  directly  Influence  the  atomization  and 
vaporisation  characteristics  of  liquid  fuels,  whereas  the  Increased 
aromatic  content  will  significantly  increase  the  extent  of  soot 
formation.  These  diffcultles  are  further  aggravated  when  the  raw  power 
of  combustion  oust  be  taaed  to  meet  the  newly  awakened  conscience  for 
envlronisent  (Dwyer,  1972).  Air  pollution,  which  has  a  decisively 
negative  iapact  on  weather  foraatlon  and  huaan  health,  has  eaerged  as 
one  of  the  aajor  considerations  in  using  combustion  systea  alongside  the 
efficiency  and  the  power  output. 

In  view  of  the  above  considerations.  It  Is  inevitable  that 
coabustors  would  have  to  be  modified  to  lessen  their  dependence  on  fuel 
specifications.  The  ultimate  goal  is  to  be  able  to  use  non- 
specification,  low-quality  fuels  with  alniaua  pollutant  emissions  but 
without  sacrificing  efficiency.  To  this  end,  incorporating  catalysts 
into  the  existing  combustion  system  has  been  recognised  as  a  practical 
approach.  A  substantial  benefit,  either  actual  or  potential,  of  using 
catalysts  in  gas  turbines,  flams  holders  and  heat  exchangers  have 
already  been  demonstrated  (Ros fjord,  1976).  However,  full  scale,  wide¬ 
spread  application  of  catalytic  combustion  systea  is  impeded  by  lack  of 
clear  understanding  of  physlco-cheaical  processes  involved  in  catalytic 
reactions.  It  is  now  quite  obvious  that  systematic  investigation  into 
the  nature  of  heterogeneous  catalytic  oxidation  behavior  holds  a 
paramount  interest,  if  not  urgent  Importance,  to  ensure  a  continued 
progress  in  the  field  of  catalytic  combustion. 
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1.1.2  Direction  of  the  Work 

The  research  effort  on  catalytic  combustion  has  been  basically 
three-pronged.  The  most  effort  has  been  expended  in  characterizing  and 
measuring  the  effect  of  incorporating  catalyst  in  actual  combustors. 
Development  of  stable  and  rugged  catalysts  has  followed  in  order  to 
accommodate  practical  gas  as  well  as  liquid  fuels  in  the  exacting 
ambience  as  found  in  real  gas  turbines  and  aircraft  after  burners 
(Bracco  and  Curtis,  1981).  However,  much  needed  research  to  gain 
fundamental  understanding  of  physico-chemical  phenomena  is  carried  out 
to  a  much  less  extent.  In  view  of  the  fact  that  the  interest  in  the  use 
of  catalyst  to  combustion  was  initiated  with  a  goal  of  reducing  thermal 
N0X  from  gas  turbines  and  that  the  existing  knowledge  was  totally 
inadequate  to  describe  the  phenomena,  it  is  understandable  why  the  time 
consuming  process  of  building  a  solid  foundation  took  a  back  seat  to  the 
development  and  performance  characterization  of  practical  catalytic 
combustors.  The  urgency  to  control  pollution  and  to  improve  combustion 
efficiency  still  exists,  but  there  is  limit  to  the  advancement  through 
trlal-and-error  approach. 

Therefore,  the  goal  of  the  work  described  in  this  report  is  to 
understand  the  nature  of  heterogeneous  catalytic  oxidation  of  various 
fuels  by  identifying  the  dominant  factors  that  dictate  the  surface 
reactivity.  Specifically,  the  fuel  tested  are  propane,  butane, 
hydrogen,  carbon  monoxide,  ethylene  and  propylene.  The  catalyst  is 
platinum  wire,  both  straight  and  colled  in  helix.  The  directly  measured 
quantities  are  the  critical  ignition  temperature  and  the  chemical  heat 


release  rates ,  using  a  notified  micro-calorimetric  system.  Effect  of 
fuel  and  oxygen  concentrations  are  the  major  variables.  Effects  of  flow 
velocity  and  aging  are  also  studied. 

1.2  OVERVIEW  OF  THE  REPORT 

The  main  objective  of  the  report  is  in  connecting  the 
macroscopically  observable  behaviors  -  specifically,  the  ignition 
temperature  and  chemical  heat  release  -  to  the  vast  reserve  of  knowledge 
already  compiled  by  researchers  in  catalysis.  Therefore,  a  concise 
summary  on  the  phenomena  of  heterogeneous  catalysis  is  given  in  Chapter 
2.  Attention  is  given  only  to  the  material  strictly  relevant  to 
combustion  behavior. 

The  thrust  of  the  report  is  in  experimental  investigations.  An 
original  experimental  facility  is  designed  and  constructed  specifically 
for  this  study.  Therefore,  a  detailed  description  of  the  experimental 
methodology  and  the  setup  is  presented  in  Chapter  3.  Experimental 
procedures  and  verification  processes  are  also  included.  Chapter  4 
deals  with  the  ignition  behavior.  Previous  interpretations  of  ignition 
temperature  are  discussed  in  the  beginning  and  a  revised  interpretation 
is  presented  in  light  of  the  experimental  data  obtained  from  this 
work.  Relevant  literature  survey  is  presented  where  appropriate.  Heat 
release  rates  are  discussed  in  Chapter  5  closely  following  the  format  of 
the  previous  chapter  on  ignition  temperature.  The  final  chapter 
summarises  major  points  concluded  from  this  work  and  makes 
recommendation  for  future  works. 


CHAPTER  2 


BACKGROUND  MATERIAL 

2.1  FUNDAMENTALS  OP  CHEMICAL  KINETICS 

The  highly  Interdisciplinary  nature  of  catalytic  combustion  has 
already  baan  pointed  out.  The  research  direction  can  be  largely  divided 
into  two,  either  physically  or  chemically  oriented.  The  physical 
approach  emphasises  the  importance  of  geometric  arrangement  of  the  atoms 
involved  end  relates  the  catalytic  activities  to  the  electronic 
properties  of  the  catalyst  (Drauglls  end  Jaffee,  1975;  Volks ns tain, 
1963).  The  chemical  approach,  on  the  other  hand,  regards  the  catalyst 
as  an  electron  donor  showing  propensity  to  form  a  transitory  bond  with 
the  reactants  in  the  gee  phase  (Cullls,  1967;  Kembell,  1971;  Bond, 

1974).  In-depth  discussion  in  terms  of  all  the  related  fields  would  be 
unnecessarily  lengthy.  Therefore,  only  brief  introductions  to  various 
phenomena  ere  given  in  the  following  sections  with  two  purposes  in 
mind.  The  first  object  is  to  provide  the  reader  with  the  minimum 
background  materiel  necessary  to  appreciate  the  essence  of  heterogeneous 
catalytic  reactions.  The  second  is  to  emphasize  those  factors  that 
emerge  as  the  dominant  parameters  in  the  special  case  of  combustion 
reactions. 

2.1.1  Reaction  Rates 

If  a  reaction  proceeds,  how  far  and  bow  fast  will  it  go?  These  ere 
the  two  questions  that  need  to  be  answered  to  adequately  describe  a 
chemically  reacting  system.  The  first  deals  with  the  nature  of  the  end 


product  of  o  process  and  con  bo  answered  froa  theraodynaaic  analysis  by 
considering  tbs  caargy  lav«l  of  initial  and  final  states  of  the  reacting 
ayaten.  The  details  of  tbs  lnterasdlate  steps  taken  to  arrive  at  the 
final  state  becoaa  leasts rial.  The  sense  of  tlae  la  also  lost. 
Therefore,  tberaodynaalc  consideration  alone  is  not  sufficient  to  deal 
with  the  second  question  inquiring  into  the  rate  with  which  the  end 
product  la  attained.  The  answer  lies  in  the  doaain  of  cheaical 
kinetics. 

The  rate  of  hoaogensous  reaction  has  been  observed  to  vary  with  the 
concentrations  of  reactants  raised  to  sons  power  with  the  rate 
coefficient  obeying  the  Arrhenius  expression 
k  •  A  exp(-  E/BT) 

where  R  Is  the  universal  gas  constant  and  T  is  the  absolute 
teaperaturs. 

Two  theories  have  been  developed  to  provide  physical  asanlng  to  the 
above  constants  A  and  E.  The  collision  theory  essentially  views  the 
cheaical  reaction  as  a  collision  between  reactants  having  enough  energy 
between  then  to  overcoat  an  energy  barrier  placed  in  their  path  to  the 
product  state.  Then  the  activation  energy  E  aeons  the  alnlaua  energy 
necessary  to  suraount  the  barrier  and  the  whole  exponential  tens  is  no 
other  than  the  fraction  of  collisions  having  kinetic  energy  greater  than 
E.  The  pre-exponential  factor  A  beconas  the  nuaber  of  collisions  with 
proper  orientation  suitable  for  the  reaction. 

The  statistical  aschanlcs  approach  of  the  collision  theory  can  be 
aade  aore  useful  by  Introducing  the  concept  of  transition  state.  The 
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energetic  intermediate  species  ec  the  top  of  the  energy  barrier  is 
sometimes  called  the  activated  complexes  and  can  be  considered  to  exist 
in  equilibrium  with  the  reactants.  Then  the  reaction  process  can  be 
described  from  the  theraodynaaic  viewpoint  since  the  inclusion  of  the 
transition  state  theory  eventually  relates  the  rate  coefficient  to 
Gibb's  free  energy  of  activation. 

Although  the  above  discussion  is  very  brief,  factors  date raining 
the  reaction  rate  are  laaediately  evident.  The  major  factors  are  the 
concentrations  of  reactants  which  have  direct  bearing  in  the  rate 
expression  and  the  temperature  which  plays  a  critical  role  through  the 
temperature- sensitive  Arrhenius  term.  It  is  interesting  to  note  that 
the  two  most  Influential  factors  are  also  the  external  variables  that 
are  easiest  to  manipulate  if  the  only  goal  la  to  obtain  a  specific 
reaction  rata.  And,  yet,  in  real  life  these  eta  the  two  factors  that 
conatltuta  the  uncompromising  constraints,  for  example,  in  power 
anginas,  the  problem  of  NO,  arises  due  to  high  combustion  temperature. 
But  lowering  the  reaction  teape return  through  fuel-lean  combustion  has  a 
practical  limit  and,  therefore,  is  not  considered  to  be  a  satisfactory 
solution  by  itself.  Nor  is  increasing  the  temperature  of  the  exhaust 
system  desirable  to  eliminate  the  minute  quantity  of  the  unburned 
hydrocarbon  fuel  escaping  into  the  atmosphere  together  with  other 
combustion  products.  As  in  many  other  chemically  reacting  systems,  the 
reactant  concentrations  and  the  temperature  are  Irrevocably  prescribed 
as  the  by-products  in  the  process  of  achieving  the  main  objective  of  the 
system,  usually  the  power  output. 


The  only  other  way  to  control  the  rate  of  reaction  la  hy  providing 
an  alternate  path  for  the  reactants  to  proceed.  Thle  la  preclaely  the 
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power  that  deflnea  catalyet  and  le  widely  utilised.  That  Is,  the 
catalyet  nslr.es  its  surface  sites  available  to  the  reacting  Molecules 
such  that  the  transition-state  of  aolecula-catalyst  complex  is  e  low 
energy  configuration  providing  an  easier  route  for  the  reactants  to 
follow  in  a  subsequent  reaction  to  fora  the  final  product.  The  energy 
hills  of  catalysed  and  uncatalysed  reactions  are  Illustrated  In  Fig.  2.1 
which  shows  a  schenatlc  diagram  of  the  potential  energy  profile  for  an 
exothermic  reaction.  The  path  for  the  catalysed  reaction  Is  more 
complicated  because  the  catalytic  activity  Involves  a  sequence  of 
individually  identifiable  events.  However,  the  overall  effect  of  the 
catalysis  is  to  lower  the  energy  hill  which  Is  a  graphical 
representation  of  the  activation  energy,  A  smaller  activation  energy 
means  that  a  given  rate  of  reaction  can  be  achieved  at  a  lower 
temperature,  as  illustrated  in  Fig.  2.2  where  the  Arrhenius  plots  for 
catalysed  end  uncatalysed  reactions  are  compared.  Since  it  is  the 
complicated  reaction  path  that  makes  a  catalyst  useful,  the  details  of 
the  process  involved  in  heterogeneous  catalytic  reactions  will  be 
discussed  la  the  following  section. 

2»1.2  Heterogeneous  Catalysis 

A  sequence  of  elementary  steps  is  fundamental  to  all  heterogeneous 
catalytic  reactions  (Thompson  and  Webb,  1968;  Robertson,  1970; 
Satterfield,  1980)  sad  is  shown  in  Fig.  2.3.  The  first  in  the  sequence 


Figure  2.1  Potential-energy  profile  for  ea  exothermic  reaction, 
•hewing  the  lower  activation  energy  of  the  catalysed 
reaction 


DIFFUSION 
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Langaulr-Hinshe lvood  Eley-Rideel 

Mechenim  Mechanism 


Figure  2.3  Sequence  of  five  elementary  seeps  thee  ere 
fundamental  to  ell  heterogeneous  cetelytic 


reections 


Is  s  diffusions!  procsss  thst  brings  the  reactant  to  the  catalytic 
surface.  Subsequently,  two  types  of  interactions  between  the  reactant 
and  the  surface,  naaely  physical  adsorption  and  cheai sorption,  are 
possible.  Physical  adsorption  involves  weak  attractive  forces  without 
chemical  alteration  of  the  molecules.  They  are  of  the  van  der  Meals 
type  such  as  electrostatic  or  Induced  dipole  moments  and  may  be 
considered  as  a  prelude  to  chemisorption  which  is  exclusively 
responsible  for  catalytic  behavior.  The  transition  from  physical  to 
chemical  adsorption  for  an  arbitrary  molecule  is  shown  in  Pig.  2.4 
together  with  the  potential  energy  curves  illustrating  the  activated 
nature  of  chemisorption,  nut  is.  the  chemisorption  is  a  chemical 
process  in  which  new  molecular  bonds  are  formed.  For  many  molecules 
some  changes  in  the  old  bonds  are  prerequisite  to  having  a  strong 
interaction  with  the  surface  sites,  for  example,  hydrogen  molecules  are 
known  to  dissociate  into  individual  atoms  before  chemisorption. 
Therefore,  if  a  chemical  reaction  can  be  construed  as  a  progressive 
transformation  of  reactants  into  product,  then  the  chemisorbed  molecules 
can  be  conceived  as  an  activated  intermediate  resembling  some  aspects  of 
both  the  reactants  and  the  product. 

As  shown  in  Pig.  2.3  the  ensuing  reaction  may  be  between  two 
chemisorbed  molecules  (Langmulr-Hinshelwood  Mechanism)  or  between  a 
chemisorbed  molecule  and  a  molecule  in  the  gas-phase  (Eley-ftldeal 
Mechanism).  Bslative  strength  of  adsorption,  availability  and  nature  of 
bonds,  surface  temperature,  and  surface  heterogeneity  are  some  of  the 
major  factors  that  dictate  the  mode  of  surface  reaction  favored  by  a 
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Figure  2.4  Potential  energy  curves  for  the  physical  and 
eheaical  adsorption 
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given  combination  of  reactants  and  catalyst. 

The  product  formed  would  then  desorb  from  the  surface  before 
diffusing  back  into  the  ambience.  Again,  the  desorption  is  an  activated 
process  such  that  its  rate  is  governed  by  the  same  factors  discussed  for 
the  chemisorption. 

2.1.3  Reaction  Limits 

Out  of  five  individual  steps  the  first  and  the  last  are  mass 
transport  processes  of  diffusion  -  a  purely  physical  process  whereby  the 
reactants  or  products  are  brought  to  and  from  catalyst.  The  adsorption, 
reaction  and  desorption  are  all  chemical  processes  with  unique 
activation  energy  associated  with  each  step.  Any  one  of  the  five  steps 
can  be  the  bottleneck  which  determines  the  overall  rate  of  reaction.  In 
one  extreme  the  reaction  rate  may  be  limited  by  one  of  the  chemical 
processes  at  the  surface  in  spite  of  ample  supply  of  the  reactants  from 
the  gas-phase.  The  kinetic  limit  is,  then,  a  situation  in  which  the 
maximum  surface  coverage  of  reactant  is  always  maintained  (that  is,  the 
reaction  rate  is  Independent  of  the  gas-phase  concentration)  and  the 
observed  activation  energy  represents  the  true  kinetics  at  the  surface. 

In  the  other  extreme  the  reaction  rate  may  be  so  fast  that  the 
reactants  axe  consumed  as  they  are  brought  to  the  surface.  The  overall 
rate  is  limited  by  mass  transport  and  the  apparent  activation  energy  is 
usually  much  lower  than  the  true  activation  energy.  In  fact  the 
associated  rate,  being  limited  by  diffusion,  would  rather  vary  with 
temperature  to  the  half  power  rather  than  obey  Arrhenius  kinetics.  In 


addition,  the  rate  of  aass  transport-limited  reaction  can  be  increased 
by  increasing  the  gas-phase  reactant  concentration  (enhancing  diffusive 
transport)  and  the  gross  movement  of  gas  (enhancing  convective 
transport).  The  transition  is  shown  to  occur  quite  abruptly  because  the 
reaction  rate  increases  in  the  Arrhenius  fashion  while  the  diffusion 
rate  is  a  relatively  weak  function  of  temperature.  Since  the  observed 
rate  is  the  slower  of  the  two  processes,  the  mass  transport  limit  is 
encountered  in  the  high  temperature  range.  The  condition  conducive  to 
kinetically  controlled  regime  is  obtained  at  the  lower  temperatures. 
Figure  2.5  shows  an  Arrhenius  plot  indicating  the  transition  of  the  rate 
from  kinetic  limit  to  aass  transport  limit. 

When  catalyzed  reactions  are  studied  over  a  broad  range  of 
temperature  an  Arrhenius  plot  as  shown  in  Fig.  2.6  can  be  obtained  due 
to  an  entirely  different  cause  (Bond,  1974).  Even  if  the  supply  of 
reactants  from  the  gas-phase  is  not  limiting,  the  reaction  rate  car 
decrease  as  the  surface  temperature  is  Increased  when  the  surface 
coverage  falls  below  its  maximum  value.  In  general  the  surface  coverage 
Increases  with  the  Increase  in  the  partial  pressure  of  the  adsorbate  in 
the  gas-phase  at  low  coverage.  The  adsorption,  being  an  activated 
process  is  also  affected  by  temperature  and  is  usually  favored  by 
increasing  the  temperature  in  attaining  equilibrium.  However, 
adsorption  is  almost  always  exothermic  because  a  decrease  in  free  energy 
accompanies  "capturing”  of  gaseous  molecules  by  the  surface.  Le 
Chateller's  Principle,  therefore,  demands  that  the  rate  of  desorption  be 
increased  with  respect  to  the  rate  of  adsorption  so  as  to  nullify  the 


Mast  transport  limit 


Figure  2.5  Arrhenius  plot  indicating  the  transition  of  the  reaction 
from  kinetically  controlled  to  mass  transport  limited 
regime 


Figure  2.6  Arrhenius  plot  for  tha  catalytic  surface  reaction 
in  which  the  surface  coverage  by  reactants  fall 
below  its  maximum  value 
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affect  of  increased  temperature.  Consequently,  an  increase  in  surface 
temperature  can  have  an  adverse  effect  on  the  reactant  population  at  the 
surface. 

The  possibility  of  having  a  negative  temperature  effect  on  reaction 
rates  is  where  the  line  of  thoughts  on  heterogeneous  reaction  diverges 
from  that  of  homogeneous  reactions  and  where  the  difficulty  in 
determining  kinetic  parameters  of  surface  catalyzed  reactions  is  best 
exemplified.  Unlike  the  rate  of  a  homogeneous  reaction  where  the  effect 
of  temperature  is  wholly  contained  in  the  rate  constant  k,  the  rate  of  a 
heterogeneous  reaction  feels  the  effect  of  temperature  through  the 
surface  concentation  of  reactants  in  addition  to  k.  Unless  the  effect 
of  temperature  on  the  surface  concentration  of  reactants  is  Isolated 
out,  the  kinetic  parameters  cannot  be  extracted  from  Arrhenius  plot. 

2.1.4  Adsorption  Strength 

In  addtlon  to  surface  coverage  the  structure  and  stability  of  the 
reactant-catalyst  complex  can  also  exert  profound  Influence  on  the 
reaction  rate.  For  maximum  reactivity  the  adsorption  has  to  be 
sufficiently  strong  to  maintain  a  high  degree  of  surface  coverage  and, 
at  the  same  time,  sufficiently  weak  to  allow  brisk  reaction  with  other 
neighboring  adsorbates.  Molecules  with  exceptional  adsorption  strength 
can,  in  the  limit,  form  a  complete  monolayer  over  the  catalyst  surface 
and  thereby  shielding  it  from  other  reactants,  or  form  a  "semi¬ 
permanent"  bond  with  the  catalyst.  In  either  case  the  catalyst  is 
disabled  and  said  to  be  poisoned. 


With  some  exceptions  the  sequence  of  the  edsorption  strength  of  e 
number  of  gases  on  metallic  catalysts  are  as  follows: 

02  >  Alkynes  >  Alkenes  >  CO  >  H2  »  Alkanes 
Generally  the  molecules  that  are  unsaturated  seem  to  readily  adsorb  on 
the  surface  in  contrast  to  the  saturated  hydrocarbon  fuels  which  are  not 
easily  adsorbed.  Since  the  hydrocarbons  are  dlssociatlvely  adsorbed  on 
platinum  surface  by  removing  a  hydrogen  atom,  the  difference  in  the 
adsorption  strength  within  the  hydrocarbon  group  is  best  explained  by 
considering  the  molecular  structure  of  the  reactant.  However,  atudies 
on  the  nature  of  adsorption  aze  usually  conducted  by  using  an 
uncontaminated  catalyst  under  very  low  pressure  conditions  and, 
therefore,  may  not  accurately  describe  the  state  of  adsorbates  under 
reaction  conditions  (Kasemo  and  Keck,  1980;  Mummy  and  Schmidt,  1980; 
Krebs  et  al. ,  1979),  What  is  more  relevant  is,  perhaps,  their  relative 
adsorption  strength.  It  is  reasonable  to  expect  that  the  preferential 
adsorption  of  oxygen  over  saturated  hydrocarbon  (HC)  fuels  on  platinum 
may  will  cause  the  mixture  to  manifest  quite  different  reaction  behavior 
from  mixtures  of  oxygen  and  unsaturated  HC  fuels.  Since  both  oxygen  and 
unsaturated  HC  fuela  have  atrong  affinity  for  platinum  surface,  the 
interaction  between  these  molecules  would  be  competitive  rather  than 
preferential,  vying  for  the  same  catalytic  sites. 

2.2  not  MICS0SC0PXC  10  MACROSCOPIC  LEVEL 

The  effect  of  the  differences  in  the  behavior  of  molecules  at  the 
mlcroecoplc  level  are  evident  at  macroscopic  level.  For  example,  the 


reaction  order  of  a  surface  catalysed  reaction  .an  be  correlated  with 
the  heat  of  adsorption.  Generally!  an  inverse  relationship  has  been 
found  between  the  heat  of  adsorption  and  the  reaction  order.  As  will  be 
deaonatrated  in  this  thesis,  a  qualitative  correlation  can  also  be  wade 
between  the  ignition  teaperature  of  fuel/air  mixtures  and  the  adsorption 
strength.  Furthermore ,  a  slight  variation  in  the  catalytic  reaction 
mechanism  may  induce  homogeneous  as  well  as  heterogeneous  reactions. 

This  homogeneous-heterogeneous  hybridised  reaction  can  be  illustrated  by 
considering  a  catalytic  isothermal  surface  exposed  to  a  steady  flow  of 
combustible  mixtures.  The  reaction  can  proceed  in  two  different 
mechanisms.  The  catalyst  may  simply  facilitate  oxidation  of  the  fuel  at 
the  surface,  producing  heat  and  combustion  products.  The  heat  of 
oxidation  generated  at  the  surface  reduces  the  amount  of  heating 
required  to  maintain  the  surface  at  a  constant  teaperature,  but  it  does 
not  contribute  to  facilitating  the  gas-phase  ignition.  In  fact  the 
depletion  of  this  fraction  of  chemical  energy  from  the  gas  stream 
represented  by  reductions  in  the  reactant  concentrations  near  the 
surface,  would  render  the  gas-phase  ignition  more  dlffcult  to  be 
achieved  when  compared  with  the  inert,  isothermal  case.  The  gas-phase 
activation  energy,  however,  would  remain  the  same.  The  fact  that  a 
catalytic,  isothermal  surface  inhibits  rather  than  promotes  ignition  was 
first  observed  by  Coward  and  Guest  (1922)  and  recently  analytically 
demonstrated  to  be  possible  by  Lon  (1981). 

On  the  other  hand,  desorption  of  activated  complexes  before  surface 
reaction  is  also  possible.  These  complexes  would  diffuse  into  the  gas 
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nsdiurn  and  Initiate  the  gas- phase  reaction.  In  this  case,  then,  gas 
phase  ignition  is  likely  to  be  facilitated  and  the  gas-phase  activation 
energy  is  also  expected  to  be  significantly  reduced. 

The  above  discussion  clearly  demonstrates  that  understanding  of 
catalytlcally-supportsd  gas-phase  combustion  requires  detailed  knowledge 
of  the  surface  kinetic  processes. 


CHAPTER  3 


EXPERIMENTAL  CONSIDERATIONS 

3.1  METHODOLOGY 

A  great  deal  of  baalc  research  has  been  conducted  in  the  area  of 
surfaca  science  and  organometallic  chemistry.  Most  of  the  kinetic  data 
for  catalytic  reactions  are  obtained  through  chemical  analysis  of 
reactants  and  products  by  aass  spectrometer  or  gas  chromatography. 
Another  standard  method  is  monitoring  the  reactant  concentration  in  a 
reactor  over  a  period  of  time  by  measuring  changes  in  pr’tial  pressure, 
refractive  index,  thermal  conductivity  and  other  physical  or  chemical 
properties.  Meanwhile,  progress  in  vactiam  technology  and  sub-atomic 
instrumentation  had  a  direct  Impact  on  the  direction  of  experimental 
Investigations . 

A  few  examples  of  the  popular  techniques  used  are  low  energy 
electron  diffraction  (LEED)  for  measuring  surface  structures,  ultra 
violet  photoelectron  spectroscopy  (OPS)  for  the  electron  property  of 
adsorbates,  and  thermal  desorption  spectroscopy  (TDS)  for  the  energetics 
of  adsorption.  Consequently (  exhaustive  data  have  been  accumulated  on 
adsorption  and  desorption  rates,  sticking  probabilities,  effect  of 
surface  coverage,  and  the  nature  of  interactions  of  tha  adsorbed 
species,  under  well  defined  conditions  of  ultra  high  vacuum  and  usually 
over  a  single  crystal  with  specific  lattice  orientation.  Based  on  these 
data  a  number  of  adsorption  isotherms  have  been  proposed  to  relate  the 
surface  coverage  as  function  of  pressure  and  temperature  of  the  ambient 
gas.  Different  surface  reaction  mechanisms  have  also  been  it  deled  and 
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tested 


However,  reseerch  In  combustion  cennot  take  full  advantage  of  the 
exletlng  knowledge  coapiled  from  microscopic  analysis  because  coabustlon 
phenoasna  in  the  real  world  occur  at  atmospheric  or  super-ataoepherlc 
conditions.  A  simple  extrapolation  of  the  existing  data  to  fill  the 
"pressure  gap"  is  not  acceptable  because  catalytic  processes  Involve 
interactions  between  the  surface  sites  and  the  adsorbed  species;  their 
behavior  is  governed  not  only'  by  physical  and  chemical  properties  but 
also  by  the  arbitrarily  lnposed  conditions  of  pre-treatment  and  fluid 
dynamics. 

Recently  mlcro-calorlmetarlc  methods  have  been  developed  which 
enable  direct  measurement  of  the  rates,  orders  and  apparent  activation 
energies  of  heterogeneous  catalytic  reactions  measured  in  terns  of 
chemical  heat  liberated  at  the  catalyst  surface.  Although  the 
information  so  obtained  le  considered  to  be  crude  by  vacuum  technology 
standards,  it  is  nevertheless  a  powerful  method  In  an  attempt  to  bridge 
the  gap  between  engineering  and  basic  sciences. 

3.1.1  The  Development  of  Micro-Calorimetry 

The  micro-calorimetric  technique  has  been  used  extensively  in 
various  fields  of  research  as  a  means  of  measuring  a  small  amount  of 
heat  flow.  The  first  adaptation  of  this  technique  to  the  problem  of 
catalytic  reaction  le  usually  credited  to  Firth  (1966)  who  has  studied 
catalytic  oxidation  of  methane  on  palladium-gold  alloys.  Their  system 
consists  of  a  heating  coil  imbedded  in  a  bead  of  alumina  whose  surface 
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is  coated  with  a  thin  layer  of  catalyst.  The  caloriaeter  foras  one  era 


of  a  Wheatstone  bridge  which  Is  Initially  balanced  In  a  non-reacting 
flow.  The  heat  released  at  the  catalytic  surface  due  to  the  chemical 
reaction  Is  asasured  froa  the  extent  of  label ance  In  the  bridge  network 
since  the  surface  teaperature  is  translated  into  an  increased  resistance 
value  of  the  caloriaeter.  ▲  nuaber  of  investigations  using  calorlaetric 
bead  systea  (Firth  and  Holland,  1968,  1969;  Cullis  at  al. ,  1970,  1972) 
ensued  in  the  study  of  oxidative  reaction  of  as  thane. 

In  order  to  overcoae  the  Inconvenience  of  the  need  to  coape nsate 
for  the  variation  of  reaction  rate  with  changes  in  the  surface 
teaperature,  an  isotheraal  ait hod  has  been  proposed  by  Jones  et  al. 
(1974).  This  laproved  concept  involves  aeasurlng  the  changes  in  power 
coosunptlon  in  the  reacting  and  non-reacting  conditions.  However,  this 
systea  is  not  suitable  when  the  power  generated  by  reaction  is  saall 
coaparad  to  the  power  necessary  to  aaintaln  the  bead  at  the  reaction 
teaperature.  This  is  because  the  signal  to  be  asasured  is  a  saall 
difference  between  two  large  nuabers  -  a  situation  which  is  prone  to 
large  errors.  Also,  due  to  tbs  large  aass  of  the  bead,  the  calorlaetric 
bead  systea  is  inherently  slow  in  response. 

The  catalytic  systea  can  be  aade  wore  sensitive  by  using  a  bare 
placlttwa  wire.  In  fact,  earliest  works  on  the  existence  of  aultlple 
steady  states  for  heterogeneous  catalytic  reactions  were  conducted  with 
catalysts  in  a  s lapis  wire  fora  (Buben,  1945).  However,  it  is  only  froa 
the  late  1960's  when  catalytic  wire  is  used  in  the  capacity  of  alcro- 


calorlaeter 


Two  aodci  of  operation  have  since  appeared.  In  the  haated-gas 
technique  (Cardoso  and  Loss,  1969)  the  surface  tenperature  of  the 
catalyst  la  detanlned  by  the  p re- hasted  gas  Mixture.  For  non-reactlve 
conditions  the  catalyst  surface  tenperature  Is  the  sane  as  that  of  the 
gas  nlxture.  But  In  the  presence  of  catalytic  reactions  the  surface 
tenperature  reaches  a  value  higher  than  the  anbience.  Ignition  is  then 
Identified  at  the  transition  when  the  catalyst  breaks  out  of  the 
tenperature  equilibrium  with  the  surrounding.  The  heat  release  rates  are 
obtained  after  a  series  of  similar  runs  nade  with  varying  gas 
temperatures  In  reacting  and  non-reacting  conditions. 

In  the  heated-wire  technique  it  is  the  catalyst  Itself  that  Is  the 
active  heating  element.  The  gas  mixture  Is  heated  only  locally  at  the 
catalyst  surface  by  the  wire.  As  Edwards  at  el.  (1973)  point  out,  the 
heated-gas  technique  provides  a  mote  uniform  wire  temperature  due  to 
total  absence  of  axial  bast  conduction  loss  at  the  ends  of  the  wire. 
However,  It  Is  the  heated-wire  technique  that  haa  been  favored  by  many 
researchers  and  has,  consequently,  evolved  Into  a  viable  method  of 
extracting  kinetic  data  out  of  catalytic  reactions.  It  Is  also  the 
technique  adopted  by  this  research.  The  underlying  concept  and  the 
methodology  of  this  technique  will  be  discussed  In  detail  In  the 
following  section. 

3.1.2  Basis  of  Heated-Wire  Technique 

The  principle  of  the  heated-wire  node  of  micro-calorimetry  Is  the 
same  as  that  of  the  constant- temperature  hot-wire  aaemometry.  While  the 


enewow  tar  Is  used  to  asasure  rapidly  varying  flow  velocities  iron  known 
heat  transfer  characteristics,  the  micro-calorimeter  Is  used  to  measure 
the  rata  of  heat  transfer  In  a  steady,  known  flow  field* 

When  a  platinui  wire  Inserted  in  a  steady  non- re active  gas  stress 
and  heated  by  passing  electric  current  through  it,  its  surface 
temperature  Is  uniquely  date rained  from  the  equilibriua  of  Joullan  heat 
generation  and  the  heat  loss  due  to  radiation,  conduction  and  convection 
to  the  oncoming  gas  stream.  The  power  required  to  maintain  the  surface 
temperature  at  Tg  will  be  P  -  I^R*,  where  1  is  the  current  through  the 
wire  and  By  Is  the  wire  resistance  at  Tg.  Both  quantities  can  be 
measured  using  conventional  Instruments  and  the  power  requirement  is 
shown  as  a  solid  line  in  Fig.  3.1  where  a  graphical  representation  of 
the  heated-wire  technique  Is  Illustrated. 

When  the  gas  stream  Is  made  reactive  with  an  addition  of  a  small 
amount  of  fuel,  some  chemical  heat  Is  generated  at  the  surface  such  that 
less  electrical  heating  Is  needed  to  maintain  the  surface  at  the  same 
temperature  Tg.  Furthermore,  since  the  smount  of  fuel  addition  Is 
small,  a  small  addition  of  fuel  the  thermodynamic  and  heat  transfer 
properties  of  the  reactive  gas  flow  do  not  deviate  much  from  those  of 
non- reactive  gas  flows.  The  heat  loss  can  then  be  assumed  to  remain 
unchanged  and,  as  the  result,  the  difference  in  the  power  requirements 
Is  an  accurate  measurement  of  the  chemical  heat  release  rate.  The 
catalyst  now  serves  an  additional  function  as  a  reaction  sensor. 

The  first  use  of  this  technique  In  a  related  work  has  been  reported 
by  Hiam  at  al.  (1968),  who  suggest  that  the  kinetic  parameter  of 
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oxidation  reaction  of  several  paraffins  can  be  determined  from  measuring 
the  Ignition  temperature.  Later  Grey  et  al.  (1979)  took  advantage  of 
the  high  sensitivity  and  rapid  response  of  the  isothermal  bare  platinum 
wire  coiled  in  helix  to  study  oscillatory  poisoning  behavior  during 
carbon  monoxide  oxidation. 

In  an  effort  to  command  a  greater  flow  control  and  incorporte 
precise  analysis,  a  variation  of  the  above  technique  is  to  have  the 
catalyst/sensor  prepared  in  a  thin  film  by  depositing  catalytic  material 
on  a  ceramic  substrate.  When  compared  to  the  catalyst/sensor  in  a  wire 
geometry,  the  film  geometry  has  the  following  advantages: 

a)  It  gives  greater  sensitivity  because  it  has  a  far  greater  surface 
to  volume  ratio  for  a  given  mass. 

b)  A  higher  degree  of  control  over  the  catalyst  surface 
characteristics  can  be  obtained  while  preparing  the 
catalyst/ sensor  by  changing  the  deposition  rate  of  the  catalytic 
material,  pressure,  and  temperature. 

c)  The  flow  field  around  the  catalyst  can  be  correctly  accounted  for 
la  analysis. 

The  heated-film  micro-calorimetric  technique  has  been  used  by  Robben  et 
al.  (1977)  to  study  catalysed  combustion  of  hydrogen/air  mixtures  in  a 
flat  plate  boundary  layer.  Activation  energy  and  the  pre-exponential 
constants  are  determined  from  the  heat  release  rate  measurements  in 
conjunction  with  numerical  computation  of  the  boundary  layer  combustion 
model.  Recently,  Ablow  et  al.  (1980)  applied  it  in  a  stagnation  point 
boundary  layer  for  propane /air  mixtures.  Mo  kinetic  parameter  is 
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deduced  from  their  investigation. 

In  spite  of  the  aforementioned  advantages  the  wire  geometry  remains 
as  a  practical  alternative  to  more  sophisticated  film  geometry  and  as 
the  chosen  technique  of  this  research  for  the  following  reasons: 

a)  Wire  geometry  is  easier  to  construct. 

b)  Great  ruggedness  and  higher  stability  allow  the  catalyst/ sensor  to 
be  subjected  to  harsher  testing  environments. 

c)  It  gives  more  accurate  measurement  of  surface  temperature. 

d)  It  is  less  susceptible  to  physical  changes  with  time. 

e)  And,  most  importantly,  the  flow  field  around  the  wire  can  be 
equally  well  characterized  and  a  steady  state  process  may  be 
assumed  for  the  (slow)  flow  rate  considered  here. 

The  last  point  will  be  elaborated  in  the  following  section. 

3.1.3  Flow  Field  Around  the  Catalyst 

Two  different  approaches  can  be  classified  depending  on  the  flow 
configuration  of  the  combustible  mixture  with  respect  to  the  catalyst 
geometry  (see  Figs.  3.2  and  3.3).  The  first  category  Involves  flow 
along  a  flat  plate  or  through  a  honeycomb  structure.  The  process  is 
evolutionary  in  nature  in  that  the  catalytic  activity  and  thereby  the 
temperature  and  the  species  concentration  profiles  continuously  change 
in  the  streaowlse  direction.  The  intimate  interaction  between  upstream 
and  downstream  properties  necessarily  complicates  the  system  behavior 
and  thus  data  interpretation.  Furthermore,  if  data  is  collected  only  at 
the  downstream  end  of  the  catalyst  (e.g.  the  honeycomb  exit  plane),  then 
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Figure  3.2  Summary  of  the  catalyst  configuration 
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Figure  3.3  Flow  field  around  the  catalysts 


Che  integrated  nature  of  the  data  would  render  unambiguous  data 
resolution  difficult. 

The  second  category  involves  the  stagnation-point  flow,  in  which 
self-similarity  prevails,  and  the  low  Reynolds  number  flow  over  a  thin 
wire,  in  which  the  catalyst  can  be  considered  to  be  Immersed  in  a 
constant  concentration  bath.  For  these  systems  a  single  catalytic 
response  exists  for  a  given  flow-catalyst  combination,  thereby  enhancing 
the  fidelity  of  the  data  and  subsequently  its  Interpretation. 

Representatives  of  the  former  approach  are  the  honeycomb 
experiments  of  Prasad  and  co-workers  (Prasad,  Kennedy  &  Ruckensteln, 
I960;  Prasad,  TSal,  Kennedy  &  Ruckensteln,  1981)  and  the  flat  plate 
experiments  of  Robben  end  co-workers  (Robben,  Schafer,  Agrawal  &  Namer, 
1977;  Schefer,  Robben  &  Cheng,  1980).  For  the  flat-plate  flow  much 
effort  wee  expended  to  spatially  resolve  the  boundary  layer  structure 
with  amd  without  chemical  reaction  along  the  catalyst  surface  by  using 
laser  diagnostic  techniques  and  gas  sampling.  A  representative  of  the 
letter  approach  is  shown  in  the  work  by  Ablow  et  al.  (1980)  where  a 
stagnation- point  boundary  layer  flow  of  lean  propane/air  mixture  is 
Investigated.  The  measured  quantities  are  the  total  heat  release  rates 
in  the  diffusion  controlled  regime.  Relative  contributions  from  gas- 
phase  reactions  and  surface  reactions  are  examined  with  the  aid  of 
theoretical  analysis.  However,  the  relevant  kinetic  parameters  are  not 
identified  in  this  study. 

A  detailed  examination  of  the  existing  data  also  reveals  that 
little  study  has  been  conducted  to  quantify  the  effect  of  flow  velocity 
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on  catalytic  activities.  Most  studies  are  carried  out  with  an 
arbitrarily  fixed  flow  rate  or  in  the  flow  range  where  velocity  is  yet 
another  parameter  to  control.  Karteney  and  Kesten  (1981),  have 
experimentally  demonstrated  that  the  ignition  temperature  approaches  a 
constant  value  as  the  flow  velocity  is  decreased.  Although  their  system 
is  a  platinum  on  cordierite  monolith  the  same  trend  is  to  be  expected 
for  the  wire  configuration.  Thus  in  order  to  further  quantify  the 
effects  due  to  flow  velocity  variations,  a  series  of  experiments  has 
been  conducted  in  the  present  study  and  is  discussed  in  Section  4.5.1 
and  5.3.1 

3.2  EXPERIMENTAL  FACILITIES 

An  elaborate  flow  system,  electronic  control  system  and  computer 
data  acquisition  system  axe  designed  and  constructed  to  accommodate  all 
facets  of  the  experimental  investigation.  The  major  strength  of  the 
experimental  facility  is  in  its  capability  to  monitor  the  major 
experimental  parameters  independently  and  to  do  so  with  minimum  system 
error. 


3.2.1  Flow  System 

The  schematic  diagram  of  the  flow  system  is  shown  in  Fig.  3.4.  The 
test  chamber.  Fig.  3.5,  is  the  active  center  of  the  set-up  and  is 
basically  a  multi-purpose  space  (6"  x  6"  x  15-1/2")  where  a  catalyst  of 
any  shape  can  be  Installed  in  any  desired  configuration  with  respect  to 
the  oncoming  flow.  For  example  a  flow  over  a  simple  wire,  flow  over  a 


Figure  3.4  Schematic  diagrM  of  the  flow  lyit 
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flat-plat* ,  or  a  stagnation  point  flow  can  all  be  aaintainad  with 
minimum  downstream  disturbance.  The  length  of  the  test  chamber  allows 
the  catalyst  support  system  to  be  located  far  downstream.  The  test 
chamber  is  further  divided  into  three  compartments  such  that  any  section 
of  the  test  area  is  easily  accessible  from  all  angles.  Large  viewing 
windows  enable  complete  vlsusllsation  of  the  Interior  of  the  test 
chamber. 

House  air,  supplied  at  3  etas,  la  the  source  of  oxidizer.  It 
passes  through  an  air  filtar/dryer  to  eliminate  moisture  and  dust 
particles.  This  process  is  essential  to  preserve  the  constancy  of  the 
catalyst  surface  and,  therefore,  the  repeatability  of  the  data.  Air 
then  passes  through  a  first  stags  pressure  regulator  before  entering  a 
plenum  tank  where  any  residual  pressure  fluctuations  from  the  mein 
supply  line  is  completely  damped  out.  A  second  pressure  regulator 
monitors  the  air  flow  rate  through  the  flow  nozzle  which  constitutes  the 
flow  metering  system. 

An  exhaustive  calibration  scheme  has  been  carried  out  to  determine 
the  actual  flow  rate  into  the  test  chamber,  using  flow  nozzles  operating 
in  the  choked  condition  such  that  the  flow  rate  depends  only  on  the 
upstream  conditions.  Physical  volume  displacement  method  is  used  to 
calibrate  the  flow  nozzles  for  air,  nitrogen  and  fuels  except  butane 
which  has  low  saturation  pressure.  Butane  is  calibrated  against  the 
standard  wet  test  meter. 

The  design  of  the  mixing  chamber  is  crucial,  for  it  must  provide  a 
homogeneous  mixture  in  a  short  time  period.  The  mixing  process  follows 


two  stages.  Air  and  nitrogen  arc  wind  first  and  enter  the  aixing 
chamber  through  two  separate  ports  (Fig.  3.6).  A  jet  of  fuel  is 
injected  through  the  third  port  oriented  at  right  angles  to  the  air/N2 
streams.  Ths  nixing  chanbsr  is  packed  with  glass  beads  to  provide 
initial  nixing  at  the  gross  scale.  Fine  aixing  is  achieved  by 
turbulence  as  ths  nlxture  is  suddenly  expanded  into  a  long  diffuser. 

The  turbulence  crested  in  the  aixing  process  is  quickly  suppressed  as  it 
passes  through  a  series  of  wire  screens  whose  nesh  else  progressively 
decreases. 

The  last  stage  of  flow  control  is  the  converging  nozzle  whose  area 
reduction  ratio  of  8  ensures  a  full  developaent  of  flow  with  a  unifora 
velocity  profile  in  the  test  chaaber.  A  smooth  exhaust  of  the  flow  is 
provided  by  a  converging  section  at  the  downatreaa  of  ths  test  chaaber. 

The  whole  flow  chamber  is  constructed  with  3/4“  thick  stainless 
steel  and  other  subsidiaries  are  of  the  material  equivalent  in  strength 
to  withstand  high  pressure  (5  atm).  Low  vacuum  construction 
specifications  are  also  adhered  such  that  the  experiment  may  also  be 
conducted  in  sub-ataospharic  conditions. 

3.2.2  Electronic  Systea 

The  heart  of  the  experimental  set-up  is  the  electronic  circuitry 
that  enables  an  accurate  measurement  of  the  extent  of  chemical 
reactivity  in  the  lamedlate  vicinity  of  the  catalyst.  As  Motioned 
previously,  ths  basic  principle  of  the  feedback  operation  is  that  of  a 
constant  teaperature  hot  wire  aneaoMter.  However,  unlike  the  hot  wire 


Mixed  gee  outlet 


Figure  3.6  Section  diagram  of  the  mixing  chamber 


of  eh*  conventional  anemometer,  our  modified  version  performs  four 
functions  simultaneously: 

a)  catalyst 

b)  constant  tanperature  heater 

c)  nlcro-caloriaeter 

d)  tenperature  transducer 

Expanding  the  role  of  catalyst  as  a  reactor  as  well  as  a  sensor  results 
in  euch  sinplflcatlon  In  the  physical  configuration  of  the  systea. 
However,  as  direct  consequence  of  increasing  the  versatility  of  the 
catalyst,  the  data  acquisition  systea  becomes  an  integral  part  of  the 
heating  power  systea.  That  Is,  the  systea  must  have  enough  capacity 
(hence,  ruggedness)  to  heat  the  catalyst  to  a  high  tenperature  favorable 
for  appreciable  chealcal  reaction  and,  at  the  sane  tine,  aust  exhibit 
enough  sensitivity  to  respond  to  and  detect  saall  changes  in  ths  power 
consumption.  To  satisfy  both  performance  criteria,  the  following 
operational  procedure  haa  been  devised.  Simple  schematic  diagrams  of 
the  functional  elements  and  the  generalised  Input-output  configuration 
are  shown  In  Fig.  3.7  and  3.8,  respectively. 

The  logic  of  the  systea  Is  as  follows: 

a)  At  thermal  equilibrium  and  whan  the  bridge  network  is  balanced, 

Vp  solely  represents  the  power  required  to  heat  and  then  maintain 
the  catalyst  at  a  constant  temperature. 

b)  When  a  saall  quantity  of  fuel  is  introduced  into  the  air  stream, 
thermal  equilibrium  is  disturbed  due  to  ths  chemical  reactions  at 
the  surface  of  the  catalyst. 


Figure  3.7  Schematic  diagram  of  the  functional  elements  of  the  electronic  system 


e)  The  chemical  heat  release  Is  an  extra  heat  source  for  the 
catalyst  and,  therefore.  In  the  absence  of  adjustments,  the 
temperature  of  the  catalyst  Increases* 

d)  Since  platinum  has  a  relatively  large  temperature  coefficient  of 
resistance,  a  small  increase  in  temperature  Is  reflected  as  an 
Increase  In  Its  resistsnce.  With  the  same  amount  of  current 
flowing  through  It  the  voltage  V2  becomes  greater  than  V3. 

e)  This  Imbalance  In  the  bridge  is  detected  and  amplified  by  a  true 
Instrumentation  amplifier. 

f)  The  output  from  the  amplifier,  e.  Is  a  magnified  error  signal  and 
represents  the  extent  of  chemical  heat  release. 

g)  The  normalised  error  signal,  Pje,  modifies  the  power  Input  into 
the  catalyst  and,  therefore,  reflects  the  changes  In  the 
electrical  heating  power  required  to  restore  the  temperature  to 
Its  original  value. 

h)  A  new  thermal  equilibrium  Is  achieved  while  melntalnlng  balance 
in  the  bridge  network. 

Thus,  although  the  voltage  output  level  from  the  catalyst- the-sensor  Is 
a  minute  portion  of  the  total  voltage  applied  to  the  catalyst-the- 
haater,  the  present  system  successfully  identifies  and  separates  the  two 
signals,  facilitating  the  acquisition  and  the  analysis  of  data. 
Furthermore,  only  one  signal  needs  to  be  monitored,  unlike  other 
existing  measurement  system  in  which  at  least  two  signals  must  be  traced 
simultaneously  to  quantify  the  power  Input  into  the  catalytic  wire. 

The  selection  of  each  electronic  element  for  the  feedback  circuit 


demands  detailed  attention  since  it  must  be  able  to  detect  and 
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Immediately  compensate  for  small  Imbalances  in  the  bridge.  Ample  heat 
sinks  and  ventilations  are  provided  to  minimize  the  drift  in  the 
electronic  system  due  to  heating.  The  reference  resistor  in  the  bridge 
is  a  precision,  water-cooled,  resistor  with  3.6  KW  heat  dissipation 
capacity.  Such  resistor  ensures  a  constant  reference  resistance  even 
when  a  high  current  is  passing  through. 

The  role  of  the  catalyst  as  a  temperature  transducer  is  possible 
because  the  thermal  coefficient  of  the  resistance  of  platinum  is  large 
and  is  well-known.  That  is,  the  average  surface  temperature  of  the 
catalyst  is  calculated  from  the  measurement  of  its  resistance.  The 
thermal  coefficients  of  the  platinum  used  in  the  equation 

R^t)  -  Ro(l  +  off  +  8T2) 
are  a  -  3.51  x  10~3 

8-5.42  x  10"7 

The  resistance  of  wire  at  20°C,  RQ,  is  not  obtained  using  ohmmeter  as  it 
is  not  reliable  at  low  resistance  values.  Instead,  the  resistance  of 
the  wire  is  measured  at  various  current  flows,  and  then  the  resistance 
at  room  temperature  is  obtained  through  extrapolation  to  zero  current 
flow.  Then  the  above  thermal  coefficients  are  once  again  applied  to 
obtain  the  value  of  resistance  at  0°C.  Figure  3.9  shows  the 
extrapolation. 

3.2.4  Data  Acquisition  System 

The  electric  signals  are  directly  linked  to  and  processed  by  a 


Measurement  of  the  resistance  of  the  catalyst  at  a  reference  temperature 
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alcro-coaputer  (Fig.  3.10).  Figure  3.11  is  an  exaaple  of  a  typical 
coaputer  output  showing  changes  in  power  consuaption  as  fuel  is 
Introduced.  Thpre  are  three  regions  of  interest: 

a)  The  first  plateau  aarks  the  zero  level  and  the  initial  thermal 
equilibrium. 

b)  The  second  plateau,  though  not  always  discernible,  indicates  an 
Increase  in  power  consuaption  caused  by  the  extra  heating 
required  to  maintain  the  wire  at  the  same  temperature  in  the  flow 
that  has  acquired  a  slightly  higher  flow  velocity  due  to  fuel 
addition.  Usually  this  positive  change  is  negligible  coapared  to 
the  heat  release  rate.  Also,  the  length  of  this  portion  is 

dete rained  by  the  flow  velocity,  since  it  is  the  time  taken  for 
the  fuel  to  flow  froa  the  point  of  Induction  (aiming  chamber)  to 
the  initiation  of  reaction  at  the  reactor. 

c)  The  third  plateau  indicates  a  decrease  in  power  consuaption  due 
to  catalytic  reaction  at  the  wire  surface. 

The  chemical  heat  release  rate  is  given  by  the  difference  in  the 
power  consuaption  represented  by  the  second  and  the  third  plateaus. 

3.2.4  Catalyst  System 

The  catalyst  studied  is  platlnua  wire  purchased  froa  Material 
Research  Corporation.  A  ainiaua  purity  of  99.99Z  is  guaranteed.  Six 
catalysts  are  prepared  in  two  geometries.  Three  are  siaple  straight 
wires  whose  axes  lie  perpendicular  to  the  flow  (Fig.  3.12).  The  other 
three  are  colled  in  helix  of  dlaaster  1.2  an  and  pitch  of  1.4  an. 


In 


gure  3.10  Schematic  diagram  of  the  data  acquisition  system 
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all  eaaaa  cha  diameter  of  tha  wire  la  0.127  mm. 

A  braaa  fraaa  hold*  the  catalyse  at  two  sods.  The  lead  wire  is 
copper  eoldered  to  tha  platinum  catalyst. 

3.3  EXPERIMENTAL  PROCEDURES 

One  of  the  aajor  difficulties  in  the  study  of  the  kinetics  of 
heterogeneous  catalytic  coabustion  is  that  the  experimentally 
controllable  parameters  such  as  the  gas-phase  fuel  concentration  and 
flow  velocity  do  not  directly  control  the  surface  reaction.  That  is, 
since  the  reaction  is  confined  to  a  thin  layer  at  and/or  next  to  the 
surface,  the  reaction  rate  is  determined  by  the  concentration  of  the 
reactants  at  the  surface,  which  are  generally  unknown  or,  at  best  can 
only  K  inferred  from  their  respective  gas-phase  concentrations.  These 
innate  difficulties  are  compounded  by  the  fact  that  the  catalytic 
surface  cannot  be  standardised.  Catalytic  reactivities  are  based  on  per 
unit  geometric  area  which  is  not  an  accurate  assessment  of  the  actual 
number  of  catalytic  sites  available  for  the  adsorption  of  reactants;  the 
method  of  preparation  la  found  to  contribute  a  great  deal  to  producing 
catalytic  surfaces  of  different  roughness.  Surface  treatments, 
including  sintering  and  annealing  processes  at  high  temperatures,  do 
haws  effects  on  the  catalytic  reactivity.  These  circumstantial  effects 
on  the  catalytic  reactivity  can  be  minimised  or,  if  inherent,  can  be 
well  characterised  by  choosing  a  suitable  set  of  parameters  and 
conducting  the  experiment  within  an  outlined  procedure. 


3.3.1  PtrMeuri 

The  change  in  Che  power  consumption,  which  is  just  Che  surface 
c  he  el  cal  heac  release,  and  Che  lgnldon  teaperaCure  are  napped  as 
funedons  of  six  variables: 

a)  The  catalytic  surface  cenperacure 

b)  The  fuel  type 

c)  The  fuel  concentradon 

d)  The  oxygen  concencraClon 

e)  The  flow  velocity 

f)  The  catalyse  configuration 

The  choice  of  the  catalytic  surface  temperature  as  a  paraaeter 
cannot  be  over-emphasised  because  of  the  sensitivity  of  chealcal 
reactions  and  surface  coverage  to  temperature  variations.  It  ranges 
from  room  temperature  to  the  maximum  of  900°C. 

The  fuel  tested  are  propane,  butane,  ethylene,  propylene,  carbon 
monoxide  and  hydrogen.  There  are  several  reasons  for  choosing  the  above 
six  gases.  From  the  practical  viewpoint,  propane  and  butane  axe  widely 
used  as  heating  fuels  whereas  partial  oxidation  of  ethylene  and 
propylene  are  Important  In  the  petrochemical  Industry.  Furthermore, 
since  their  reaction  mechanisms  are  representative  of  those  of  the 
higher  order  in  their  respective  families,  recognising  the  basic  trends 
is  crucial  In  understanding  the  more  complex  members  of  the  family.  In 
this  aspect,  the  study  of  hydrogen  and  carbon  monoxide  are  also 
Important  as  their  oxidation  mechanisms  form  a  subset  of  many 
hydrocarbon  fuel  oxidation  reactions.  The  most  important  reason. 
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however.  Is  Che  variety  of  Che  eheaisorpcioa  screogch  displayed  by  che 
above  sec  of  gases  ChaC  makes  them  interesting  Co  sCudy,  as  explained 
earlier. 

Boch  Che  fuel  and  oxygen  concenc radons  are  varied  independenC  of 
each  ocher.  The  CoCal  flow  race  is  maintained  by  adding  nicrogen.  The 
advancages  of  having  fuel/air/nicrogen  mixtures  with  different 
concentration  combinations  are  quite  clear  from  Fig.  3.13,  which  shows 
Che  possible  combination  of  fuel  and  oxidizer  (oxygen  from  air) 
concentrations  in  Che  case  of  hydrogen.  Here  we  note  thac  as  long  as 
enough  diluent  (nicrogen,  carbon  dioxide  or  argon)  is  added  any  fuel/alr 
mixture  Is  rendered  noninf leasable ,  even  if  Che  mixture  is 
stoichiometric.  The  vertical  lines  represent  the  constant  fuel 
concentrations  while  the  horizontal  lines  the  constant  oxygen 
concentrations.  The  slanted  lines  originating  from  the  lower  left 
corner  therefore  indicate  constant  fuel/air  ratios.  Here,  all  the 
points  on  the  same  line  have  the  sane  fuel/air  ratio  although  the 
ebeolute  concentrations  are  different.  The  top  boundary  is  the  fuel/alr 
mixture  line.  As  can  be  easily  seen,  nitrogen  sddltlon  has  greatly 
expanded  the  experimental  range,  from  fuel  lean  to  fuel  rich 
conditions.  This  flexibility  is  especially  significant  when  the  gas 
phase  fuel/alr  ratio  is  not  a  relevant  criterion  in  heterogeneous 
reactions. 

The  dependence  of  the  heat  release  rate  and  ignition  temperature  on 
the  flow  velocity  and  the  catalyst  shape  is  traced  to  substantiate  the 
applicability  of  the  constant  concentration  concept,  as  mentioned  in 


3*1.3,  for  low  Reynolds  number  flows 


3.3.2  Procedures 

" Activation"  of  fresh  platinum  wire  is  the  very  first  step  which 
cannot  be  bypassed.  Depending  on  the  catalyst  production  method,  the 
"activation"  process  may  be  to  expose  a  clean  surface  by  burning  away 
the  lubrication  oil  or  to  obtain  a  fixed  surface  structure  through 
continuous  annealing  and  sintering  processes  at  high  temperatures. 

Rader  and  Weller  (1974)  have  reported  that  the  "activated"  wire  shows 
Increased  surface  roughness  when  viewed  through  scanning  electron 
microscope.  The  activation  method  they  used  is  heating  the  wire 
electrically  to  800°C  in  a  IX  butane  -  992  oxygen  gas  mixture  for  25 
minutes.  Edwards  at  al.  (1973)  have  used  similar  process  to  obtain  a 
catalyst  whose  reactivity  does  not  change  for  a  period  up  to  8  hours. 

In  both  experiments  butane  is  the  test  fuel.  Satterfield  and  Cortes 
(1970),  in  their  study  of  hexane  and  toluene  oxidation,  have  observed 
that  platinum  wire  screen  loses  its  reactivity  as  early  as  after  one 
hour  of  operation.  They  have  suggested  that  the  deactivation  is  caused 
by  oxidation  of  metal  impurities  which  diffuse  to  the  surface  at  high 
temperatures.  Reactivity  is  reported  to  be  fully  restored  by  "prolonged 
pickling"  in  concentrated  HC1.  In  this  work,  fresh  platinum  wires  are 
electrically  heated  to  900°C  in  a  reactive  mixture  of  22  hydrogen/alr 
for  20  minutes.  Then,  after  each  run  the  catalyst  is  reactivated  in  air 
flow.  The  effect  of  such  process  will  be  reported  in  Section  4.3.5 
dealing  with  eging  effects. 


CHAPTER  4 


IGNITION  TEMPERATURE 


4.1  DEFINITION 

The  everyday  Mining  of  the  word  Ignition  is  "catching  on  fire”. 

In  the  field  of  combustion  this  highly  specialized  definition  is 
discarded  and.  depending  on  the  phenoMnon  in  question,  the  word 
ignition  can  signify  different  eoeenta  in  the  process  of  producing  an 
explosion,  whether  it  be  a  detonation  or  a  deflagration.  Catalytic 
coabustion  adds  yet  another  Mining  to  the  word  ignition.  And.  in  order 
to  clear  aabiguitles  and  to  exaaine  Che  possible  laplicatlons  the 
ignition  teaperatune  is  unequivocally  stated  before  discussing  the 
data.  A  brief  introduction  to  ignition  theory  as  applied  to  hoaogeMOue 
systeM  is  Included  for  coaparison  purpose. 

4.1.1  Theory  of  Ignition 

Two  views  have  been  adopted  in  the  theory  of  ignition.  Proa  the 
kinetics  point  of  view,  ignition  Is  a  critical  condition  in  which  chain-* 
branching  of  the  radicals  proceeds  at  a  high  rate  such  that  the 
production  of  radicals  exceeds  the  destruction  due  to  chain  teraination 
and  product  foraation.  Under  such  volatile  circuastances  rapid  build-up 
of  tbs  radical  population  is  possible  even  under  iso the rail  conditions; 
this  eventually  leads  to  the  foraation  of  products  at  a  catastrophically 
fast  rate.  The  oxidation  MChanlsM  based  on  chain-branching  are  used 
by  Benson  (1981).  B.  P.  Gray  (1978)  and  Karnats  (1981)  for  hydrocarbon 
oxidation  aodelling. 
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The  thermal  theory  of  ignition  is  also  based  on  the  idea  of 
imbalance.  Instead  of  focusing  on  individual  groups  of  molecules, 
however,  the  thermal  theory  deals  with  the  overall  result  of  such 
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interactions,  manifested  as  chemical  heat  release.  Ignition  is  said  to 
occur  when  the  heat  generated  by  chemical  reaction  becomes  greater  than 
the  total  heat  loss  from  the  system.  The  excess  amount  of  heat  in  such 
a  condition  is  applied  towards  increasing  the  temperature  of  the 
reactants  which  in  turn  leads  to  higher  reactivity.  This  self 
accelerative  process  continues  until  a  heat  balance  is  again  achieved  at 
a  new,  higher  temperature.  From  this  point  of  view,  the  definition  of 
the  ignition  temperature  becomes  more  easily  quantified  as  the  lowest 
temperature  at  which  the  rate  of  chemical  heat  releaae  rate  just 
overcomes  the  rate  of  heat  loss. 

It  is  obvious  that  a  complete  understanding  of  ignition  must 
necessarily  include  both  the  kinetic  and  theraal  effects.  Efforts  to 
develop  unified  chain-thermal  theories  have  just  been  initiated  and  are 
usually  numerical  in  nature. 

4.1.2  Catalytic  Surface  Ignition 

Catalytic  ignition  does  not  necessarily  precede  an  all-consuming 
explosion.  Nor  is  it  always  signaled  by  a  significant  temperature 
rise.  Hence  ignition  temperature  is  redefined  as  the  lowest  temperature 
at  which  a  measurable  amount  of  heat  is  releasd  from  chemical 
reaction.  Especially  in  this  work,  since  most  of  the  gas  mixtures 
tested  exhibit  a  rather  sudden  change  in  their  reactivity  over  catalyst 
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surface  temperature,  the  ignition  temperature  thus  identified  is  an 
objective  and  reliable  indication  of  ignition.  Unlike  the  ignited  gas' 
phase  reactions,  the  catalytically  Ignited  reaction  may  not  be  self- 
sustaining.  Therefore,  catalytic  ignition  does  Include  neither  the 
concept  of  thermal  runaway  nor  self-propagation. 


4.2  FACTORS  GOVERNING  CATALYTIC  IGNITION 

In  addition  to  the  obvious  importance  of  knowing  when  a  given  gas 
mixture  will  Ignite,  if  it  occurs  at  all,  the  knowledge  of  ignition 
temperature  may  also  be  applied  towards  obtaining  rate  constants  of 
catalytic  reactions,  as  attempted  by  Hi am  et  al.,  (1968).  The  basis  for 
the  possible  link  between  the  the nodynamic  quantity  and  kinetic 
parameters  stems  from  the  principle  of  thermal  ignition  developed  by 
Frank-Kamene tskli  (1955). 

Prior  to  discussing  the  results  of  Investigations  based  on  such 
relationships,  a  careful  examination  of  the  key  assumptions  employed  in 
the  initial  modelling  stage  needs  to  be  made.  In  the  following  the 
theory  of  Frank-Kamene tskil,  as  extended  by  Hi am  et  al.,  is  summarized 
with  an  emphasis  on  discussing  the  validity  of  the  key  assumptions. 

4.2.1  Thermal  Ignition  Analysis 

The  theory  starts  with  the  simplest  case  in  which  the  reaction  rate 
Is  first  order  with  respect  to  the  surface  concentration  of  a  single 

(r.r.)  -  kCf 


reactant 
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where  k  represents  the  true  kinetics  at  the  surface  and  Cs  is  the 
surface  concentration  of  the  reactant.  In  the  quasi-steady  state  the 
rate  of  reaction  is  equal  to  the  rate  at  which  the  reactant  is  supplied 
to  the  surface  by  diffusion 

(r.r.)  -  8(C0  -  C8) 

where  0  is  the  diffusion  coefficient  and  C0  is  the  reactant 
concentration  in  the  bulk  gas  stream.  The  reaction  rate  can  be 
rearranged  in  terms  of  C0 

(r.r.)  -  k*C0 


where 


k'  "  (l/k  +  1/$) 


For  a  system  in  thermal  equilibrium,  the  heat  generated  by  the  reaction 
is  dissipated  through  heat  loss  to  the  surrounding  such  that 

k’C0(Ah)  -  o(Ts  -  Tq) 

where  a  Is  the  net  heat  transfer  coefficient  and  (T8  -  T0)  is  the 
temperature  difference  between  the  catalyst  surface  and  the  oncoming 
gas.  The  Arrhenius  rate  constant,  k  -  A  exp(-E/RTg),  is  then 
substituted  and  an  equation  as  a  function  of  Tg  is  obtained. 

After  some  mathematical  manipulation  an  approximate  solution  for 
the  case  of  E/RTg  »  1  and  (Tg  -  T0)  «  T0  is  obtained.  The  critical 
condition  for  Ignition  is  assumed  to  be  satisfied  when  that  function 
attains  an  extreme  value.  The  final  expression  can  be  rearranged  as 


<T4(f  *  TJ“ 


AhART 


].  (.|)  ■  +tt(. 


ig 


so 


Based  on  Che  above  relation,  an  Arrhenius- type  plot  can  be  constructed 
and  the  associated  slope  is  equal  to  -E/R.  Thus,  the  activation  energy 
E  and  the  pre-exponential  factor  A  can  be  determined  from  such  a  plot. 
This  theory  has  since  been  extended  by  Schwartz  et  al.  (1970)  to 
reaction  of  arbitrary  order. 

The  key  assumptions  applied  invoked  in  the  above  theories  are: 

a)  The  surface  concentration  of  the  reactant  is  determined  uniquely 
by  its  gas-phase  concentration. 

b)  The  heat  transfer  coefficient  o,  the  reaction  order  n,  and  the 
pre-exponential  factor  A  are  independent  of  temperature. 

c)  At  ignition  the  energy  balance  equation  for  k  »  0  is  still 
valid. 

The  condition  for  Ignition  is  Identified  as  the  point  where  the  heat 
generation  curve  meets  the  heat  loss  line  tangentially,  as  shown  in  Fig. 
4.1.  Accordingly,  the  derivatives  of  the  two  energy  terms  with  respect 
to  T  can  be  equated  at  Tig.  The  kinetic  parameters  are  obtained  by 
running  a  series  of  experiments  under  different  heat  transfer  conditions 
and  fuel  concentrations. 


4.2.2  Limitations  of  the  Analysis 

The  reactions  of  Interest  to  combustion  Involve  at  least  two 
reactants  -  fuel  and  oxidizer.  In  homogeneous  reactions,  an  explicit 
dependence  of  the  reaction  rate  on  oxidizer  can  be  suppressed  by 
supplying  an  abundant  amount  of  oxldlzar  such  that  its  concentration  is 
not  changed  appreciably  during  the  reaction.  The  same  concept,  however, 


Heat  loss 
curves 


Figure  4.1  Schematic  presentation  of  heat  generation  due  to 

chemical  reaction  and  heat  loss  to  the  surrounding 
at  different  catalyst  temperatures 
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cannot  be  applied  to  catalytic  reactions.  Horo-oka  and  co-workers 
(1967)  have  shown  that  fuel- lean  mixtures  do  not  necessarily  guarantee  a 
reaction  rate  that  is  zero  order  in  oxygen.  In  fact,  the  zero-order 
reaction  with  respect  to  oxygen  is  found  to  be  a  rather  exceptional  case 
in  their  study  of  hydrocarbon  oxidation  over  varioua  catalysts,  both 
metals  and  metal  oxides.  For  most  of  the  reactions  studied,  the 
reaction  orders  in  oxygen  and  in  fuel  are  comparable.  As  extreme  cases, 
we  note  that  acetylene  oxidation  exhibits  reaction  order  in  oxygen  of 
1.37  over  platinum,  whereas  for  propane  over  palladium  we  have  -1.6. 

The  same  gas  mixtures  over  Ce(>2  show  0.00  and  0.25  order  in  oxygen, 
respectively . 

The  reason  for  these  variations  can  be  found  in  the  surface 
phenomena  unique  to  heterogeneous  reactions.  That  is,  the  interaction 
with  the  surface  as  the  third  "reactant"  cannot  be  Ignored.  In  the  case 
of  hydrogen  adsorption  on  platinum  surface,  Netser  and  Kneringer  (1975) 
found  that  there  is  a  sharp  Increase  in  the  hydrogen  coverage  at  about 
40°C.  The  surface  coverage  at  90°C  falls  to  a  mere  10Z  of  the 
maximum.  Engel  and  Ertl  (1979)  observed  an  asymmetric  co-adsorption  in 
the  case  of  carbon  monoxide  oxidation  on  platinum;  pre-adsorbed  00  is 
found  to  inhibit  the  adsorption  of  oxygen,  whereas  the  reverse  is  not 
the  case.  Gentry  et  al.  (1973)  have  found  that  hydrogen  oxidation  over 
platinum  can  taka  place  by  two  different  mechanisms  depending  on  the 
initial  treatment  of  the  catalyst.  Specifically,  they  found  that  the 
reaction  rate  is  higher  for  an  oxidizing  surface  than  a  reducing  one. 
Moreover,  a  significant  dependence  of  the  reaction  order  on  the  partial 


pressure  of  the  reactant  is  reported  by  Kemball  and  Patterson  (1962). 

For  example ,  in  palladium  film  catalyzed  oxidation  of  ethylene,  the 
reaction  rate  is  found  to  vary  to  the  first  order  in  fuel  at  low 
pressures  but  zero  order  at  high  pressures. 

The  consensus  is  that  the  key  assumptions  made  in  the  derivation  of 
the  thermal  theory  are  generally  not  valid.  Its  usefulness  is  limited 
to  a  few  exceptional  cases  and,  even  when  it  is  applicable,  the  accuracy 
of  the  kinetic  parameters  obtained  from  a  narrow  temperature  range  are 
questionable.  Furthermore,  since  the  surface  concentrations  of 
reactants  and  the  reaction  order  may  depend  strongly  on  temperature,  the 
energy  terms  cannot  be  differentiated  with  respect  to  T  without  a  priori 
knowledge  on  their  functional  form.  Consequently,  numerous 
investigations  have  stressed  the  importance  of  understanding  adsorption 
in  modeling  catalytic  oxidation  reactions  (Margolis,  1963,  1973; 
Sachtler,  1970;  Vogue  and  Adams,  1967)  and  attempts  have  been  made  to 
correlate  the  catalytic  activity  to  physical  properties  of  the  catalyst. 

4.2.3  Classification  by  Chemisorption  Strength 

A  correlation  between  heat  of  adsorption  and  catalytic  activities 
was  found  by  Baeck  (1930).  Later,  Ponec  et  al.  (1966)  suggested  the 
possibility  of  relating  the  absolute  value  of  heat  of  adsorption  to  the 
activation  energy  for  transition  metals.  In  particular,  Moro-oka  and 
co-workers  (1967)  have  found  that  for  lsobutena  and  acetylene 
oxidations,  the  reaction  order  in  hydrocarbon  Increases  with  increasing 
AHq,  which  is  the  heat  of  formation  of  the  catalyst  oxides  dlvldsd  by 
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the  number  of  oxygen  atoms  In  the  oxide  molecule.  Since  the  term  AHQ  is 
a  measure  of  the  bond  strength  between  the  metal  atom  and  adsorbed 
oxygen,  the  correlation  is  basically  between  the  surface  coverage  and 
the  nature  of  the  metal-oxygen  bond.  In  particular,  they  could  plot  the 
catalytic  reactivities  of  different  metals  for  a  given  fuel  mixture  with 
AHQ  in  the  abscissa  (Fig.  4.2).  This  kind  of  graph  would  provide 
important  information  for  the  design  of  catalyst  under  a  given  reaction 
condition. 

However,  an  equally  Important  Information  can  be  obtained  from  a 
correlation  between  the  catalytic  reactivities  of  a  given  catalyst  under 
the  reacting  conditions  and  the  participating  reactants.  But  the 
phenomena  found  under  the  reaction  conditions  are  very  complicated 
because  the  interaction  between  the  reactants  must  be  considered  as  well 
as  the  interaction  between  the  surface  and  the  individual  reactants.  A 
measure  of  the  Intensity  of  interaction  between  the  surface  and  the 
individual  reactants  is  the  strength  of  chemisorption  and,  therefore, 
its  knowledge  is  essential  to  the  understanding  of  the  whole  phenomena. 

It  is  well  established  that  the  chemisorption  strength  generally 
decreases  in  the  following  order: 

0<j  )  C^Hg  )  C2H4  )  CO  )  H2  )  C^Hjq  ^  C^Hg 
The  variations  in  the  strength  of  chemisorption  is  interpreted  in  terms 
of  molecular  orbital  theory.  For  example,  the  difficulty  in 
chemisorbing  saturated  hydrocarbons  is  attributed  to  the  need  of 
rupturing  a  hydrogen-to-carbon  bond  before  interaction  with  the  surface 
can  taka  place. 


The  che Bisorption  strength  varies  within  the  members  of  a 
hydrocarbon  family  because  different  H-C  bonds  are  broken  for  different 
molecules.  In  the  case  of  as thane ,  chemisorption  is  preceded  by  the 
removal  of  a  hydrogen  atom  from  the  primary  carbon  atom. 

H  H 

I  I 

H  -  C  -  H  +  2*  — ►  H  -  C  -  H  +  H 

I  I  I 

H  *  * 

But,  since  the  dissociation  energy  of  the  primary  hydrogen  is 

prohibitively  high,  methane  molecules  resist  dissociative 
chemisorption.  The  dlffculty  of  adsorbing  methane  on  platinum  is 
reflected  in  the  extremely  low  rate  of  reaction  reported  by  Frennet 
(1974). 

For  propane,  the  hydrogen  atom  is  abstracted  from  the  secondary 
carbon  atom.  The  chemisorption  process  is  then 

H  H  H 

I  i  I 

H-C-C-C-H  +  2* 

I  I  I 

H  H  H 

Chemisorption  is  easier  for  propane  than  methane  because  the 
dissociation  energy  of  H-C  bond  for  the  secondary  carbon  atom  is  much 
less  than  that  for  the  primary  carbon  atom. 

On  the  other  hand,  propylene  and  ethylene  atoes  are  relatively 
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easily  chemisorbed  due  to  the  presence  of  seek  w-bond  which,  together 
with  s  o-bond,  fores  the  double  bond  between  two  csrbon  a toes.  Two 
different  eo lecule- catalyst  complex  have  been  proposed.  The  first 
Involves  rupture  of  the  carbon-carbon  w-bond  and  the  subsequent 
forestlon  of  two  separate  car bon- natal  a- bonds .  The  resulting  structure 
is 

H  H 

I  I 

H  -  C  -  C  -  H 

I  I 

*  * 

The  second,  and  the  aore  widely  accepted,  configuration  involves  no 
bond  breaking 

H  H 

I  I 

H  -  C  -  C  -  H 

I 

e 

For  the  higher  alkanes,  oxidation  occurs  by  reaovsl  of  a  hydrogen  atom 
at  the  ally lie  portion.  The  ease  of  che adsorption  is  apparent  since  the 
allylic  H-C  bond  is  such  weaker  then  any  other  H-C  bond  in  hydrocarbon 
aolecules 

H  H  H 

I  I  I 

H-C  -  C-C-H  +  H 

I  I 

*  * 

At  present  the  information  on  chemisorption  is  only  qualitative. 
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Hownr,  such  can  be  learned  froa  the  sequence  of  chealsorptlon  strength 
in  the  case  of  oxidative  reactions,  especially  when  the  chealsorptlon 
strength  of  oxygen  and  various  fuels  are  coapared.  Specifically,  two 
types  of  chealsorptlon  processes  can  be  Identified.  The  first  type  Is 
coapetltlve  chealsorptlon  that  would  occur  in  the  oxidative  reaction  of 
propylene.  Since  both  oxygen  and  propylene  aolecules  can  be  strongly 
cheaisorbed  on  platinum,  they  would  coape te  for  the  saae  catalytic 
sites.  The  competition  would  be  less  Intense  as  the  difference  in  the 
chealsorptlon  strength  between  oxygen  and  fuel  becomes  acre  appreciable, 
as  In  the  case  of  carbon  monoxide  and  hydrogen  oxidations.  The  second 
type  can  be  found  in  the  oxidative  reactions  of  propane  and  of  butane  In 
which  oxygen  aolecules  are  preferentially  cheaisorbed. 

The  nature  of  Interaction  between  the  reactants  during 
chealsorptloa  can  exart  a  great  influence  on  catalytic  ignition  of 
various  fuel  alxtures  because  chealsorptlon  is  a  crucial  step  that 
Initiates  chealcal  reaction  at  a  solid  surface.  The  results  of  the 
present  Investigation  Into  the  ignition  temperatures  substantiate  the 
validity  of  classifying  the  fuel  oxidation  processes  according  to  the 
chealsorptlon  strength  of  fuel  relative  to  that  of  oxygen. 

4.3  IGNITION  OF  THE  PROPANE  GROUP 

Fuels  classified  under  the  propane  group  are  propane  and  butane 
which  are  weakly  cheaisorbed  on  platlnua  surface.  Given  the  fact  that 
the  oxygen  aolecules  are  readily  and  strongly  adsorbed  on  the  platlnua 
surface,  the  Ignition  of  propaae/alr  or  butane/alr  is  expected  to  be 
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critical?  controlled  by  the  amount  of  fuel  adsorbed  on  the  surface. 

Since  the  surface  coverage  of  fuel  aolecules  is  related  to  its  partial 
pressure.  Ignition  is  expected  to  be  facilitated  by  enriching  the  gas 
mixture  with  sore  fuel. 

These  concepts  are  tested  by  studying  ignition  trends  for 
propane/air  and  butane/alr  mixtures;  their  results  will  be  discussed 
first.  More  detailed  result  on  the  effects  of  fuel  and  oxygen 
concentrations  will  be  presented  in  the  subsequent  sections. 

6.3.1  Effect  of  Fuel  Concentration 

Figure  4.3  shows  the  effect  of  fuel  concentration  on  the  ignition 
temperatures  of  propane/alr  mixtures.  It  shows  that  the  ignition 
temperature  decreases  monotonlcally  with  increase  in  the  fuel 
concentration. 

Similar  trend  is  observed  for  butane/ air  mixtures  (Fig.  4.4).  The 
reduction  in  the  ignition  temperature  for  butane/alr  is  75°C  over  the 
fuel  concentration  range  of  0.5  to  1.5Z.  This  is  almost  15°C  more  than 
that  obtained  for  propane/air  mixtures  over  a  comparable  range  of  fuel 
concentration.  However,  the  sharper  decrease  observed  for  butane/air  is 
annulled  when  relative  fuel  concentrations  instead  of  the  actual  amounts 
are  considered,  as  demonstrated  next. 

Figure  4.5  shows  the  sans  data  points  plotted  as  a  function  of 
equivalence  ratio  which  is  a  measure  of  the  amount  of  fuel  in  the 
mixture  relative  to  the  stolchlometrlcally  correct  amount.  The  result 
Indicates  that  the  ignition  temperature  for  both  propane/air  and 
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teaperature  of  butane/alr  mixture* 


•  • 


EQUIVALENCE  RATIO 


Figure  4.5 


Effect  of  fuel  concentration  on  the  Ignition 
temperature  of  propane/air  and  butane/air  mixtures 
A  comparison  based  on  the  equivalence  ratio 


2 X  propane  by  volume 


Electrical  power  input  to  the  catalytic  wire  for  propane/air  mixture 
propane  by  volume 


3 


butane/air  can  be  plotted  on  a  single  curve.  This  result  is  quite 
reasonable  because  the  energetics  of  propane  and  butane  oxidations  over 
platinum  surface  are  quite  similar.  For  example,  during  the 
chemisorption  process  of  both  propane  and  butane  it  is  the  secondary 
hydrogen  that  is  dissociated.  Therefore,  the  same  amount  of  thermal 
energy  is  required  to  initiate  the  chemisorption  process  which  is  the 
prerequisite  step  for  surface  reactions. 

The  small  scatter  at  low  equivalence  ratios  is  due  to  the 
difficulty  in  pinpointing  the  ignition  for  the  mixtures  with  low  fuel 
concentrations.  Figures  6  and  7  show  some  new  data  illustrating  the 
difference  in  the  ignition  behavior  of  propane/alr  mixtures.  For  a 
propane  concentration  of  2.0%,  an  abrupt  change  in  the  power  consumption 
clearly  marks  the  point  of  ignition.  In  contrast,  a  steady  change  In 
power  consumption  for  the  mixture  with  0.5%  propane  makes  thr  point  of 
transition  less  obvious. 

4.3.2  The  Propane/Oxygen/Nitrogen  Mixtures 

The  decreasing  trend  of  the  ignition  temperature  can  be  misleading 
when  it  is  observed  over  a  narrow  range  of  fuel  concentrations.  Since 
the  ignition  temperature  decreases  at  decreasing  rate,  it  is  reasonable 
to  expect  that  there  may  exist  a  minimum  ignition  temperature  below 
which  no  ignition  is  possible.  However,  the  experimental  investigation 
cannot  be  extended  out  beyond  2%  fuel  concentration  to  verify  the 
leveling  of  the  ignition  temperature  because  the  fuel/air  mixture  is 
then  capable  of  gas-phase  ignition.  The  lower  limit  of  flammability  for 
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propane  in  air  is  only  slightly  higher  than  2 X  and  this  Imposes  a 
practical  celling  to  the  fuel/air  mixture  that  can  be  safely  tested. 

The  need  to  extend  the  range  of  study  from  lean  to  rich  cases  and, 
at  the  same  time,  to  suppress  gas-phase  Ignition  can  be  accomplished  by 
diluting  the  fuel/alr  mixture  with  nitrogen.  Figure  4.8  shows  the 
concentration  map  of  propane /oxygen/ nitrogen  mixtures  tested.  The  fuel 
and  oxygen  (from  air)  concentrations  are  given.  The  concentration  of 
nitrogen  is  the  balance  needed  to  maintain  the  total  flow  rate 
constant.  Twenty-four  gas  mixtues  selected  for  testing  represents  a 
network  of  constant  oxygen  concentrations,  constant  fuel  concentrations, 
and  constant  equivalence  ratios. 

Figures  9  and  10  show  the  Ignition  temperature  of  all  mixtures 
tested,  plotted  for  constant  oxygen  concentrations  and  equivalent  ratios 
respectively.  It  demonstrates  that  the  Ignition  temperature  of 
propane/oxygen/ nitrogen  mixtures  are  strongly  dependent  on  fuel  but  not 
oxygen  concentrations.  It  also  shows  that  the  ignition  temperature 
Indeed  reaches  a  minimum  value  and  that  the  leveling  off  occurs  at  a 
high  fuel  concentration.  Figure  4.11  shows  that  the  Ignition 
temperature  continues  to  decrease  as  the  concentration  of  fuel  is 
increased,  although  the  mixture  becomes  richer  than  stolchlaetric  In  the 
process. 

When  the  two  graphs  are  compered  It  is  apparent  that  the  ignition 
of  propane  Is  controlled  by  the  absolute  amount  of  fuel  and  not  by  the 
amount  of  fuel  relative  to  the  amount  of  oxygen.  This  point  can  be 
elucidated  by  considering  two  mixtures:  2.5XCjHg/10l02/87 .51^  and 
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1.0ZC3Hg/4Z(>2/95ZN2'  Both  alxtur«s  contain  the  same  amount  of  propane 
relative  to  oxygen,  but  their  Ignition  temperatures  differ  by  45°C. 

This  is  a  large  difference  considering  the  fact  the  full  range  of 
Ignition  temperature  of  the  mixtures  tested  are  only  about  100°C. 

4.3.3  Effect  of  Oxygen  Concentration 

He  have  demonstrated  the  the  role  of  fuel  concentration  as  a  major 
factor  Influencing  the  ignition  temperature.  It  is  also  shown  that  the 
equivalence  ratio  is  not  an  Important  parameter.  This  result,  however, 
does  not  imply  that  the  effect  of  oxygen  concentration  Is  negligible 
and,  therefore,  insignificant.  On  the  contrary,  the  ignition 
temperature  can  be  quite  critical  of  the  oxygen  concentration  and  its 
full  effect  can  be  properly  gauged  Only  if  the  effect  of  fuel 
concentration  is  suppressed  or  properly  accounted  for. 

Figure  4.12  shows  the  effect  of  oxygen  concentration  on  the 
ignition  of  propane/oxygen/ nitrogen  mixtures:  All  mixtures  have  a 
constant  propane  concentration  of  l.SZ.  The  plot  displays  a  rather 
sharp  dip  in  the  ignition  temperature  for  a  mixture  that  is  slightly 
rich  in  oxygen.  The  reason  for  the  ignition  temperature  not  changing 
appreciably  over  much  of  the  oxygen  concentration  can  be  explained  on 
the  basis  of  preferential  chemisorption.  However,  why  there  should  be  a 
decrease  of  the  ignition  temperature  for  near-stoichiometric  mixtures  is 
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4.4  igmition  or  the  propylene  group 

Fuels  cleeeifled  under  the  propylene  group  ere  the  geeee  thet  ehow 
■ube  teat  lei  chemisorption  strength.  They  ere  propylene,  ethylene, 
carbon  monoxide  and  hydrogen.  In  the  order  of  decreasing  chemisorption 
strength.  Since  propylene  and  ethylene  are  comparable  to  oxygen  in 
their  chealsorption  strengths,  the  effect  of  fuel  concentration  on 
Ignition  will  be  nost  pronounced  in  propylene/air  and  ethylene/air 
mixtures.  Progressively  diminishing  influence  of  fuel  concentration  on 
ignition  is  expected  for  carbon  monoxide/air  and  hydrogen/alr  mixtures. 

The  results  will  be  presented  in  four  parts,  In  the  first  part, 
the  general  behavior  common  to  all  fuel/ air  mixtures  In  tbs'  propylene 
group  will  be  discussed;  the  reason  for  tha  characteristic  behavior  wil 
be  explained  with  hydrogen  oxidation  as  an  example.  Then,  comparison 
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by  salting  the  aixture  richer  in  fuel.  This  trend  is  directly  opposite 
to  the  catalytic  ignition  behavior  of  propane/alr  mixtures  and  to  the 
intuition  baaed  on  the  experience  with  homogeneous  systems. 

That  is,  in  gas-phase  reactions  one  would  normally  expect  ignition 
to  become  progressively  easier  as  a  lean  aixture  is  made  richer  in  its 
fuel  concentration.  The  opposite  behavior  observed  here,  in  fact,  can 
be  compared  to  a  gas-phase  ignition  of  a  rich  aixture  whose  ignltablllty 
is  facilitated  by  decreasing  the  amount  of  fuel  in  the  aixture. 

If  the  Importance  of  having  an  optimum  amount  of  fuel  and  oxidizer 
in  the  gas-phase  reaction  can  be  applied  equally  to  the  surface 
reactions,  then  the  trend  of  Increased  temperature  with  an  increase  in 
fuel  amount  Implies  that  the  surface  concentration  of  fuel  at  the 
temperatue  below  ignition  is  always  higher  than  the  optimum  level  for 
ignition.  Irrespective  of  its  gas-phase  concentration.*  The  reasoning 
is  as  follows. 

Assume  that  the  catalytic  surface  is  initially  at  a  temperature 
which  would  provide  the  optimum  level  of  reactant  populations  at  the 
surface  for  given  gas-phase  concentrations.  Let  the  optimum  level  be 
disturbed  by  increasing  the  gas-phase  fuel  concentration.  Since  the 
surface  coverage  of  a  reactant  is  related  to  its  gas-phase 
concentration,  the  fuel  population  at  the  surface  would  accordingly 

*Thls  abatement  needs  to  be  qualified  because  the  observation  on  ignition 
temperature  is  at  present  limited  to  lean  fuel/air  mixtures  only.  Ths 
rich  mixtures  at  very  low  oxygen  concentration  show  soma  deviation  from 
the  general  trend  and,  as  such,  will  be  separately  discussed  in  a  latar 
section. 


Increase.  Then,  in  order  to  maintain  the  optimum  level  the  surface  must 
provide  a  condition  favorable  for  desorption  of  fuel  molecules.  This 
can  be  achieved  by  increasing  the  surface  temperature  if  selective 
desorption  of  fuel  molecule  takes  place  such  that  the  oxygen  population 
is  not  disturbed  in  the  process. 

The  concept  of  achieving  an  optimum  level  of  fuel  and  oxygen 
concentration  at  the  catalytic  surface  for  ignition  can  be  best 
illustrated  from  the  example  of  hydrogen  or  carbon  monoxide  oxidation 
because  they  are  the  two  most  studied  molecules  in  the  field  of 
catalysis.  Much  information  can  be  gleaned  from  the  well-characterised 
data  on  the  chemisorption  processes  of  these  gases.  Netzer  and 
Kne ringer  (1975),  for  example,  have  used  the  flash  desorption  mass 
spectrometry  to  study  the  adsorption  and  reaction  of  hydrogen  with 
oxygen  on  platinum  surface.  In  their  study  they  have  identified  three 
temperature  ranges  according  to  whether  one,  or  both,  or  none  of  the 
reactants  are  adsorbed  on  the  surface.  The  region  of  relevance  to 
ignition  is  the  first  one  at  the  lowest  temperature  range  where  both 
reactants  are  adsorbed  but  where  the  variations  in  the  extent  of  surface 
coverage  by  the  reactants  are  significant.  Within  this  range  the 
hydrogen  population  is  observed  to  decrease  very  sharply  while,  over  the 
same  temperature  range  of  40  to  100°C,  the  oxygen  population  remains 
virtually  constant. 

This  kind  of  sharp  depopulation  is  also  observed  for  carbon 
monoxide  (Ingel  and  Srtl,  1979).  Bancs,  the  Increase  in  the  surface 
temperature  can  be  seen  as  a  compensatory  effort  in  an  attempt  to  annul 


86 

the  affect  of  Increased  fuel  concentration  end  thereby  maintain  the 
optinun  level  of  adsorption  for  catalytic  ignition. 

Another  explanation  for  the  difference  in  the  Ignition  trends 
between  the  propane  and  propylene  groups  la  possible  when  the  concept  of 
preferential  versus  competitive  adsorption  is  extended  one  step 
further.  That  is,  for  the  oxidation  of  fuels  in  the  propane  group, 
oxygen  can  be  preferentially  adsorbed  to  the  exclusion  of  fuel 
molecules.  The  ensuing  reaction  would  then  be  between  the  adsorbed 
oxygen  and  the  gas-phase  fuel  molecules  (Eley-Rideal  mechanism)  or 
between  the  platinum  oxide-like  complex  and  the  gas-phase  fuel 
molecules. 

4.4.2  Comparison  Between  fropylene/Air  and  Ethylene/Air  Mixtures 

The  role  of  relative  chemisorption  strength  as  a  dominant  factor  in 
the  ignition  process  can  be  gauged  when  changes  in  the  ignition 
temperatures  of  one  fuel/ air  mixture  is  compared  to  another.  Generally, 
sharper  temperature  changes  are  obtained  for  the  gases  that  are  strongly 
chemisorbed,  such  as  propylene  and  ethylene.  Temperature  change  of  as 
much  as  105°C  is  observed  as  the  ethylene  concentration  is  varied  from 
0.5  to  2.SZ,  while  only  20°C  change  is  obtained  for  the  entire  range  of 
hydrogen  concentration  (5%). 

As  mentioned  before,  the  actual  amount  of  fuel  is  not  e  fair 
criterion  when  the  influence  of  fuel  concentration  of  one  gas  is 
compared  to  that  of  another.  A  comparison  based  on  equivalence  ratios 
would  be  more  meaningful.  However,  the  comparison  should  be  between  the 
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gases  belonging  Co  the  sane  functional  group. 

Figure  4.17  shows  that  propylene/air  and  ethylene/air  mixtures  are 
subjected  to  a  parallel  change  in  the  ignition  temperature.  No  exact 
overlap  is  obtained  as  is  the  comparison  between  propane  and  butane. 
Ethylene/alr  mixtures  consistently  Ignite  at  slightly  higher 
temperatures  than  propylene/air  mixtures.  The  difference  may  be  due  to 
the  fact  that  propylene,  having  a  hydrogen  atom  in  the  allyl  position, 
can  be  dissociative ly  chemisorbed  relatively  easier  than  ethylene. 

4.4.3  The  Fuel/Oxygen/Nitrogen  Mixtures 

The  second  feature  that  is  common  to  the  gas  mixtures  in  the 
propylene  group  is  the. leveling  of  the  Ignition  temperature  to  a 
constant  value  as  the  fuel  concentration  is  Increased.  However,  the 
ignition  behavior  studied  over  a  wide  range  of  cerbon  monoxide 
concentrat lone ,  covering  the  fuel  rich  as  well  as  the  fuel  lean 
mixtures,  shows  that  the  relationship  is  not  quite  aonotonlc. 

Figure  4.19  shows  the  dependence  of  ignition  temperature  on  fuel 
concentretlon  for  different  oxygen  concentrations. 

Generally,  the  variation  in  the  ignition  temperature  is  most  rapid 
within  the  first  2Z  fuel  concentration.  After  this  the  ignition 
temperature  of  the  mixtures  are  not  Influenced  by  the  amount  of  fuel  in 
the  flow. 

4.4.4  Effect  of  Oxrasn  Concentration 

Figure  4.20  shows  the  effect  of  oxygen  concentration  on  the 
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Ignition  tenperature  of  carbon  monoxide/ oxygen/ nl trogen  mixtures.  It 
shows  that,  at  all  fuel  concentrations,  the  Ignition  temperature 
decreases  with  an  increase  In  the  oxygen  concentration.  However,  the 
most  distinct  change  is  observed  for  the  lean  mixtures.  For  example ,  a 
reduction  of  over  120°C  is  obtained  for  mixtures  containing  O.SZ  fuel  as 
compared  to  mere  65°C  for  mixtures  with  111  fuel.  Such  a  large  change 
in  the  ignition  temperature  is  comparable  in  magnitude  to  the  changes 
brought  about  by  variations  in  the  fuel  concentrations.  This  is  a 
strong  indication  of  the  competitive  nature  of  the  interaction  between 
reactants  at  the  catalytic  surface.  Note  that  the  trend  observed  here 
for  carbon  monoxide  contrasts  well  with  that  of  propane  (see  Fig.  4.12). 


4.5  SECONDARY  EFFECTS 

In  addition  to  the  fuel  and  oxygen  concentrations  there  are  two 
morn  factors  that  can  affect  the  catalytic  ignition.  One  is  the  effect 
of  convective  mass  transport  rate,  and  the  other  is  the  history  of  the 
catalyst.  They  do  not,  however,  influence  the  ignition  temperature  to 
an  equal  extent.  Their  influence  is  also  felt  for  different  fuels  to 
varying  degrees. 

TWo  fuels  tested  are  hydrogen  and  propane.  The  effect  of  mass 
transport  rate  is  presented  first  and  the  effect  of  pre-treatment  of  the 
catalyst  follows. 

4.5.1  Effect  of  Velocity 

The  convective  mess  transport  rate  can  be  enhanced  by  increasing 
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the  flow  velocity  of  Che  fuel/air  mixture.  The  previous  discussion  on 
Chs  limits  of  catalytic  reactions  (Section  2.1.3)  has  shown  that  an 
increase  in  the  flow  velocity  helps  the  reaction  to  stay  in  the 
kinetically  controlled  regime;  the  catalyst  can  then  be  utilized  to  its 
full  reactivity.  However,  there  is  another  effect  of  Increased 
velocity.  When  the  flow  velocity  is  Increased  the  time  a  given  gas 
molecule  will  spend  near  the  surface  decreases.  That  is,  the  residence 
time  of  the  reactants  within  the  reacting  environment  is  shortened. 

Since  the  molecules  have  less  time  to  react,  ignition  would  consequently 
be  more  difficult  to  achieve.  A  higher  surface  temperature  can, 
however,  provide  a  more  Intense  reacting  environment  for  the  molecules 
such  that  the  molecules  can  be  equally  excited  in  a  shorter  time 
period.  Therefore,  a  mixture  flowing  at  a  higher  velocity  would  require 
a  correspondingly  higher  temperature  for  ignition. 

Figure  4.21  shows  the  effect  of  velocity  on  propane/air  and 
hydrogen/ air  mixture.  The  velocity  increase  by  a  factor  of  four  does 
not  change  the  Ignition  temperatures  appreciably  for  both  mixtures. 
Nevertheless,  the  general  trend  is,  as  expected,  an  lncrese  in  ignition 
temperature  with  an  Increase  in  the  flow  velocity. 

4.5.2  Effect  of  Pre-treatment  of  the  Catalyst 

Figures  4.22  and  4.23  show  that  the  ignition  temperature  is 
affected  by  the  history  of  the  catalytic  surface.  In  the  case  of 
propane/ air  mixtures,  the  newly  activated  catalyst  is  more  active  than 
the  aged  catalysts,  as  implied  by  easier  Ignitions.  In  contrast,  the 
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Figure  4.21(b)  Effect  of  flow  velocity  on  the  ignition 
temperature :  hydrogen/air  mixtures 
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newly  activated  catalyst  is  least  effective  in  igniting  hydrogen/air 
mixtures .  The  reason  for  the  difference  can  be  explained  by  the  surface 
conditions  of  the  aged  catalyst.  The  word  “aged"  is  used  here  to 
describe  a  catalyst  that  is  not  reactivated  in  between  experiments. 

Thus,  the  aged  catalyst  carries  the  history  of  the  previous  reactions. 

When  the  catalyst  surface  is  examined  through  a  powerful  microscope 
one  can  observe  dark  spots  left  behind  after  an  ignition  of  propane/air 
mixture.  The  residue  is  most  likely  either  the  non-volatile  Impurities 
Introduced  with  the  mixture  or  carbon  particles  formed  during 
reactions.  In  either  case  the  aftereffect  of  an  experiment  is  to  make 
the  surface  ignition  more  difficult. 

4.6  SUMMARY 

The  study  on  the  ignition  temperature  of  propane,  butane, 
propylene,  ethylene,  carbon  monoxide  and  hydrogen  has  revealed  two 
distinctively  opposing  trends.  The  ignition  temperature  of  lean 
propene/elr  and  butane /air  mixtures  decreases  as  their  concentration  is 
increased.  However,  the  ignition  of  propylene,  ethylene,  carbon 
monoxide  and  hydrogen  is  made  more  difficult  as  the  amount  of  fuel  in 
the  mixtures  is  Increased. 

For  both  groups  of  fuel  the  sharpest  change  in  the  ignition 
temperature  is  obtained  at  low  fuel  concejbC&flMfct  At  higher 
concentrations  the  change  gradually  tapers  off  indicating  a  minimum 
ignition  temperature  for  the  fuels  in  the  propane  group  and  a  maximum 
for  the  fuels  in  the  propylene  group.  The  limiting  ignition  temperature 
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is  found  for  propana  and  carbon  monoxide  by  ualng  fuel/oxygen/nitrogen 
aixturas  In  which  a  large  aaounc  of  nitrogen  Is  added  as  a  diluent  to 
supprasa  gas-phase  ignition.  The  ninlaun  temper a ture  of  propane  ia 
about  285°c  and  occure  at  the  fuel  concentration  of  approxlmtely  5%. 

The  maximum  Ignition  tenperature  of  carbon  aonoxide  ia  dependent  on  the 
oxygen  concentration.  Therefore,  the  effect  of  oxygen  concentration  on 
the  ignition  is  alao  studied.  The  result  shows  that  propane  displays  a 
alniami  on  the  lean  side  of  stoichioaetry .  The  total  change  in  the 
ignition  temperature  is  3S°C  as  the  oxygen  concentration  is  decreased 
from  20%  to  4%  as  compared  to  a  change  of  70°C  observed  when  the  fuel 
concentration  is  changed  from  0.5  to  2%. 

For  carbon  monoxide,  the  changes  in  oxygen  concentration  do  not 
display  any  abrupt  change  in  the  ignition  temperature. 

The  different  ignition  behavior  of  fuels  is  explained  from  the 
viewpoint  of  the  difference  in  the  adsorption  strength  of  the  fuel 
molecules  relative  to  that  of  oxygen  molecules.  The  preferential 
chemisorption  of  oxygen  in  the  oxidation  reactions  of  propane  and  butane 
is  compared  to  the  competitive  chemisorption  of  oxygen  and  the  fuel 
molecules  of  the  propylene  group. 

Finally,  the  effect  of  velocity  and  aging  is  studied.  The  changes 
in  the  flow  velocity  is  shown  to  exsrt  no  influence  on  the  ignition 
temperature  as  long  as  the  Reynolds  number  is  very  small.  The  aging 
effect  can  be  substantial.  This  shows  that  tbs  reactivation  procedure 
after  each  ignition  is  essential  to  preserve  the  constancy  of  catalytic 
reactvlty. 


CHAPTER  5 


HEAT  RELEASE  RATE 

5.1  GENERAL  OBSERVATIONS 

Chemical  teat  ralaaaa  rates  of  catalytic  reactions  have  teen 
■assured  by  several  researchers  (Ablov  et  al. ,  1980;  Robben  et  al. , 

1977;  Sctefer  et  al. ,  1980)  la  an  effort  to  extract  the  Important 
kinetic  paraaeters  froa  the  data.  The  basis  for  the  analysis  has 
already  been  briefly  discussed  In  the  earlier  section  on  experimental 
aethodology  (Section  3.1.2).  In  this  chapter,  we  shall  exaalne  In  wore 
detail  the  principle  behind  the  energy  balance. 

5.1.1  Theory 

The  aeesureaent  of  chemical  heat  release  rate  by  micro-calorimetry 
Is  basically  a  thermal  energy  method.  Hence,  the  starting  point  of  the 
theory  is  the  overall  energy  balance. 

Consider  a  wire  heated  electrically  In  a  teat  conducting  asdlua. 

If  the  system  Is  In  thermal  equilibrium,  then  the  teat  generated  must  be 
equal  to  the  teat  loss.  In  a  non- combustible  mixture  the  teat  Is 
generated  solely  from  the  electrical  resistive  heating  of  the  wire. 

This  la  balanced  by  the  teat  losses  from  the  wire  by  convection, 
conduction  and  radiation  to  the  on-coming  flow  and  by  axial  conduction 
In  the  wire.  That  Is, 

*  ’  «h  *  «k  ♦  <lr  +  «, 

where  P  is  Cte  resistive  heating  In  the  wire  while  the  teat  loss  terms 

are  identified  by  the  subscript  h  for  convection,  k  for  conduction,  r 
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for  radiation,  and  a  for  axial  loaa  through  wire  anda. 

In  a  conbua tibia  anvironaant  an  additional  tarn  due  to  c ha mi cal 
haat  generation  nuat  bo  cone Ida rad.  The  now  theraal  balance  for  an 
laotheraal  ays tan  ia 

p'  +  -  <*  *  %  +  q;  +  % 

where  the  prined  quantities  nay  be  different  fron  their  unprlned 
counterparts  in  the  previous  energy  balance  equation. 

When  the  two  equations  are  combined  and  rearranged  to  explicitly 
express  the  chemical  heat  release  rata  the  resulting  equation  la 

*0*  -  AP  ♦  «£  -  ♦  <Q£  -  <^)  +  (q;  -  Q,)  ♦  (q;  -  <^) 

where  AP  -  P  -  P’,  the  difference  in  the  electrical  power  consumed. 

The  four  energy  loss  tarns  need  to  be  examined  closely.  The 
radiative  haat  transfer  terms  in  a  reacting  and  a  non- reacting  flow  are 
Identically  equal  to  each  other  since  the  surface  and  the  ambient 
temperatures  remain  constant  and  the  highly  luminous  carbon  particles 
are  absent  during  surface  reactions.  The  heat  loss  through  the  wire 
ends  ia  also  constant.  Therefore,  the  last  two  tans  In  the  expression 
for  AQg  do  not  contribute  anything  to  the  aquation. 

The  same  conclusion,  however,  cannot  be  made  for  the  haat  loaaea 
due  to  convection  and  conduction.  Generally,  these  two  tarns  can  be 
expressed  in  a  combined  fon  as 


dfc  ♦  \  1  <KI,  -  V 

where  a  le  the  net  beet  treaefer  coefficient.  Even  though  the 
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temperature  difference  (T  -  TQ)  doee  not  change,  the  heat  loeeee  in  e 
reacting  end  non-reacting  condition  can  be  quite  large  through  change a 
in  the  coefficient  a.  The  difference  in  a  le  ensued  by  introducing  fuel 
to  the  air  stream  to  render  it  reactive  and,  theoreticaly,  the  heat 
transfer  characteristic  of  the  fuel/air  mixture  should  be  different  from 
that  of  the  air.  The  difference  cannot  be  ignored  if  a  large  quantity 
of  fuel  such  as  methane  or  hydrogen  is  mixed  with  air  because  both  gaaes 
have  thermal  properties  that  are  radically  different  from  air  which  is 
basically  all  nitrogen.  However,  in  the  present  experimental 
inveatigatlon  usually  only  small  amounts  of  fuel  are  added;  an 
exceptional  case  is  carbon  monoxide/alr  mixturea  in  which  as  much  aa  10Z 
fuel  is  introduced.  However,  the  thermal  propertiea  of  carbon  monoxide 
do  not  deviate  much  from  that  of  air.  Consequently,  for  ell  practical 
purpoaea  the  changes  in  the  heat  loes  terms  due  to  conduction  and 
convection  can  be  safely  assumed  to  be  sero. 

The  only  remaining  tern  in  the  expression  for  is  AT.  i.e., 

AQr  -  AP. 

In  conclusion,  the  chemical  heat  release  can  be  measured  as  the 
difference  in  the  external  heat  input  needed  to  maintain  a  catalytic 
surface  at  a  constant  temperature  in  reacting  and  non-reacting 
conditions. 

The  next  step  la  the  analysis  involves  e  number  of  crude 
assumptions  which  ere  necessary  because  of  ignorance  in  the  field  of 


kinetic  modeling.  The  first  assumption  is  that  all  the  intricate 
interactions  among  tbs  reactants  and  the  catalytic  surface,  as  discussed 
in  Section  2.1,  can  be  represented  by  an  overall  reaction  rate  such  that 

(r.r.)  -  kCf 

•here  k  Is  the  rata  constant  and  the  reaction  rate  is  assumed  to  be 
first  order  In  the  surface  concentration  of  fuel.  This  particular 
assumption  on  the  dependence  of  the  reaction  rate  on  the  reactant 
concantratlon  is  quite  inadequate,  if  not  sometimes  outright  erroneoua, 
in  describing  even  the  bare  essentials  of  heterogeneous  catalytic 
reactions.  But,  as  discussed  in  Section  4.2.3,  information  is  not 
available  to  properly  describe  even  a  relatively  simple  reaction  in 
reacting  conditions. 

The  heat  release  rate  is  then  obtained  by  multiplying  the  heat  of 
reaction  (|8|)  and  the  reaction  rate  such  that 

•  (r.r.Xtfj) 

Therefore,  AP  •  kCs(AHg). 

Further  accusing  that  the  rate  constant  obeys  the  Arrhenius  expression, 
i.e.  k  -  A  expC-K/KT),  the  equation  can  be  arranged  to  give 

»[#]*-  + »  ««,) 

ehowing  that  the  measurement  of  AP  leads  to  the  kinetic  parameters  I  and 

A. 

Even  if  the  above  ratio  expression  is  valid  for  a  special  case, 
therm  is  yet  another  shortcoming  that  makes  the  analysis  difficult.  Ths 
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heat  release  rate  analysis  Is  Halted  by  Its  Inability  to  specify  the 
surface  concentration  C8  without  resorting  to  a  trial  and  error  type  of 
matching  with  computational  analysis  by  using  a  mathematical  model. 

5.1.2  Literature  Survey 

The  difficulty  In  the  analysis  based  on  measuring  the  chemical  heat 
release  rate  is  reflected  In  the  small  number  of  publications  on  the 
subject.  The  first  measurement  of  the  heat  release  rate  in  combustion 
studies  is  by  Cardoso  and  Luss  (1969)  who  have  used  the  heated-gas 
technique  for  carbon  monoxide  and  butane  oxidation  In  air.  In  their 
work  the  effect  of  changing  the  flow  velocity  and  the  fuel  concentration 
have  been  reported,  but  no  kinetic  Information  Is  given.  The  heat 
release  rate  In  a  stagnation  point  boundary  layer  reaction  of 
propana/air  has  been  studied  by  Ablow  et  al.  (1980)  but,  again,  no 
kinetic  parameters  have  been  determined. 

The  only  work  In  which  the  kinetic  constants  A  and  E  are  obtained 
from  Arrhenius  plots  Is  by  Schsfer  et  al.  (1983).  Their  Investigation, 
based  on  flat  plate  boundary  layer  reaction  of  lean  hydrogen/ air 
mixtures.  Incorporates  a  mathematical  model  to  determine  the  surface 
fuel  concentration  that  would  natch  the  experimentally  measured  heat 
release  rates.  There  are  a  number  of  Intrinsic  difficulties  associated 
with  the  measurement  of  beat  release  rate  using  catalytic  film  deposited 
on  a  quarts  substrate.  Nonetheless,  their  work  represents  sn  Important 
step  towards  a  better  kinetic  modelling  of  catalytic  combustion  systems. 
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5.1.3  The  Scop*  of  Pm— nt  Work 

No  attempt  Is  aade  in  Chin  thesis  to  extract  the  kinetic  parameters 
froa  the  aeesured  beet  release  rates  because  of  two  overwhelming 
shortcomings  of  the  analysis  based  on  thermal  energy  balance.  The 
difficulty  associated  with  the  determination  of  surface  concentration 
has  been  atntioned.  The  second  difficulty  is  that  the  analysis  is  also 
Halted  by  the  complexities  of  cheaical  reactions  at  high  teaperature 
where  the  reactions  are  either  diffusion  Halted  or  homogeneous- 
heterogeneous  reaction  hybridized. 

The  heat  release  rates  measured  froa  the  diffusion  Halted 
reactions  do  not  reflect  the  true  kinetics  at  the  catalyst  surface 
because  the  reaction  rate  is  controlled  by  the  rate  of  aaes  transport. 

On  the  other  hand,  in  a  situation  where  gas-phase  reaction  is  supported 
by  surface  reaction  the  aaasured  heat  release  rate  is  the  net  result 
froa  both  reactions.  Again,  the  true  surface  kinetics  can  be  falsified 
by  the  overall  effect  (Kajadhyaksha  and  Doralswanay,  1976). 

A  number  of  attempts  have  been  aade  to  assess  the  relative 
contributions  of  hoaogeneous  and  heterogeneous  reactions  to  the  total 
heat  release  rate  in  a  catalytic  reaction  (Bensalea  and  Ernst,  1982; 
Harrison  and  Ernst,  1978;  Margolls,  1973).  However,  the  development  of 
homogeneous-heterogeneous  reaction  model  is  still  in  the  lnfsnt  stsge. 

In  spite  of  the  limltstlons  in  the  analysis  the  results  of  various 
effects  on  the  heat  release  rates  axe  presented  because  the  observed 
treads  can  provide  Important  insights  into  the  mechanisms  of  catalytic 
combustion  systems.  Specifically,  the  effect  of  fuel  and  oxygen 
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concentration* ,  flow  velocity,  and  aging  have  been  napped  for  many 
practical  fuel*. 

5.2  EFFECT  OF  FUEL  AND  OXYGEN  CONCENTRATION 

The  effect  of  fuel  and  oxygen  concentration  on  chemical  heat 
raleaae  rates  are  reported  In  two  parts:  The  first  part  concerns  with 
fuel/air  mixtures;  the  second,  with  a  more  detailed  study  on 
fuel/oxygen/nitrogen  mixtures.  The  detailed  study  is  limited  to  carbon 
monoxide  and  propane. 

5.2.1  Fuel/Alr  Mixtures 

The  effects  of  fuel  concentration  on  the  heat  release  rates  of 
propane,  butane,  propylene,  carbon  monoxide  and  hydrogen  oxidation  in 
air  are  presented  in  Figures  5.1  to  5.5  respectively.  Generally,  the 
heat  release  rate  increases  with  the  surface  temperature  but  soon 
reaches  a  steady  value,  indicating  the  transition  from  kinetic 
controlled  regime  to  the  diffusln  limited  regime.  The  transition  occurs 
at  different  moments  for  different  fuels.  For  example,  the  beat  release 
rate,  AQ&,  for  propane/air  mixtures  seems  to  Increase  steadily  without 
showing  much  tendency  to  level  off  to  a  constant  value  whereas 
AQg  for  butane/alr  and  propylena/alr  mixtures  become  limited  by 
diffusion  after  a  sharp  Increase  over  the  low  temperature  range.  The 
AQg  profile  becomes  flatter  for  carbon  monoxide  oxidation  and  in  the 
limit,  a  completely  diffusion  limited  AQ&  is  obtained  for  hydrogen/air 
oxidation. 


Figure  5.1  Effect  of  fuel  concentration  on  the  heat  release  rate  of  propane/air  mixtures 


Figure  5.3  Effect  of  fuel  concentration  on  the  heat  release  rate  of  propylene/air  mixtures 
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Effect  of  fuel  concentration  on  the  heat  release  rate  of  hydrogen/alr  mixtures 


114 

For  hydrogen/air  mixtures  the  heat  release  rates  cannot  be  studied 
over  the  lower  surface  temperature  range  because  with  the  large  amount 
of  chemical  heat  liberated  the  surface  cannot  be  maintained  at  a 
constant  temperature  even  when  no  electrical  heating  is  applied.  That 
is,  the  hydrogen/ air  reaction  is  so  intense  that  thermal  equilibrium 
with  the  surrounding  can  only  be  achieved  at  a  higher  temperature. 
Therefore,  unlike  other  fuel/alr  reactions  which  can  be  extinguished  by 
the  removal  of  external  heat  source  (electrical  resistive  heating), 
hydrogen/air  reactions  are  self-sustained  once  they  are  ignited. 

5*2.2  Fual/Oxygen/Hltrogen  Mixtures 

The  effect  of  fuel  concentration  on  AQR  is  examined  by  keeping  the 
oxygen  concentration  constant.  Hot  all  mixtures  could  be  studied 
because  the  heat  release  rates  from  some  of  the  richer  mixtures  are  very 
high.  Then,  as  in  the  case  of  hydrogen/ air  mixtures,  once  the  mixture 
is  ignited  it  will  provide  enough  energy  not  only  to  self-sustain  the 
reaction  even  in  the  absence  of  external  heating,  but  also  to  drive  up 
the  surface  temperature  beyond  the  experimental  range. 

One  way  to  limit  the  temperature  rise  is  to  dilute  the  mixture  with 
large  amount  of  nitrogen  or  some  other  inert  gas.  Then,  much  of  the 
heat  released  during  chemical  reaction  is  used  up  by  the  nitrogen 
molecules  which  are  present  in  the  mixture  in  a  disproportionately  large 
amount.  Also,  in  a  mixture  with  a  small  amount  of  oxygen  the 
sensitivity  of  the  mixture  to  fuel  concentration  variation  is  greatly 
enhanced.  For  example,  when  propane  concentration  is  increased  from  0.5 
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to  1.5Z  In  a  mixture  with  10Z  02  the  mixture  le  still  lean.  But  for  the 
same  change  in  the  mixture  with  4Z  02  the  mixture  strength  changes  from 
very  lean  to  very  rich  case. 

The  results  are  shown  in  Figures  5.6(a)  -  5.6(d)  for  oxygen 
concentrations  of  10,  7.5  and  4Z.  It  is  seen  that  in  the  case  of  10Z  02 
the  AQg  measurement  could  be  made  with  only  the  two  leaner  mixtures 
containing  0.5Z  and  1.5Z  C3H3.  For  mixtures  with  7.5Z  02  the  fuel 
concentration  is  again  limited  to  1.5Z  which  represents  a 
stoichlometrically  correct  mixture.  In  both  figures  the  heat  release 
rates  are  shown  to  Increase  with  Increase  in  fuel  concentration. 

However,  the  result  for  the  mixture  with  4Z  02  shows  that  the  JQg  keeps 
on  increasing  even  if  the  mixture  is  well  above  the  stoichiometric 
strength.  Only  when  the  mixture  becomes  very  rich  (4  *  2)  the  AQg 
begins  to  decrease. 

The  results  for  carbon  monoxide  oxidation  are  shown  in  Figures 
5.7(a)  -  5.7(d).  The  general  trends  are  the  same  as  for  propane.  Here, 
the  decrease  in  AQ&  with  increase  in  T,  is  not  observed  because  even  at 
11Z  CO  and  3Z  02  the  mixture  is  not  rich  to  show  the  full  trend.  The 
equivalence  ratio  of  this  mixture  is  only  1.8  as  the  stoichiometric  fuel 
concentration  for  carbon  monoxide  oxidation  in  air  is  29. 5Z. 

5.3  EFFECT  OF  FLOW  VELOCITY  AMD  AGING 

When  a  catalyst  wire  is  in  a  stagnant  chamber  filled  with  reactants 
the  reactant  concentration  profile  is  exactly  axlsymmetrlc  around  the 
wire.  The  reactants  are  supplied  from  all  aslmuthal  angle  and,  since 


Figure  5.6(a)  Heat  release  rate  of  propane/axygen/nitrogen  mixtures  at  constant  oxygen 
concentrations :  10%  O2 


.gure  5.6(b)  Heat  release  rate  of  propane /oxygen /nitrogen  alxtures  at  constant  oxygen 
concentrations:  7.5%  09 


Heat  release  rata  of  propane /oxygen/nitrogen  mixtures  at  constant  oxygon 
concentrations:  4%  O9.  CiBg<  1.15 
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i*t  release  rate  of  carbon  Monoxide /oxygen/nitrogen  Mixtures  at  constant 
:ygen  concentrations:  4X02. 


Figure  5.7(d)  Heat  release  rate  of  carbon  aonoxide/oxygen/nitrogen  mixtures  at  constant 
oxygen  concentrations:  3Z  O2 


Figure  5.8(a)  Beat  release  rate  of  propane/oxygen/nltrogen  mixtures  at  constant  propane 
concentrations:  0.5%  C3Hg 


Heat  release  rate  of  propane /oxygen/nitrogen  mixtures  at  constant  propane 
concentrations:  1.0%  C3H0 


Figure  5.8(c)  Heat  release  rate  of  propane /oxygen/nitrogen  mixtures  at  constant  propane 
concentrations:  1.5Z  C3H8 


Figure  5.9(e)  Beet  releese  rete  of  cerbon  monoxide /oxygen/nltrogen  mixtures  et  cons teat 
cerbon  monoxide  conceatretlons :  0.5%  CO 


TIONS 


.gure  5.9(b)  Heat  release  rate  of  carbon  aonoxide/oxygen/nltrogen  mixtures  at  constant 
carbon  monoxide  concentrations:  1.0%  CO 


Figure  5.9(c)  Heat  release  rate  of  carbon  aonoxlde/oxygen/nltrogen  mixtures  et  constant 
carbon  monoxide  concentrations:  2. OX  CO 
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the  eess  transport  Is  exclusively  by  diffusion,  the  reactants  are 
equally  distributed  over  the  wire  surface.  However  the  overall  reactant 
concentration  do  not  xeaaln  constant  as  the  reactants  are  used  up  at  the 
surface.  The  net  result  is  a  reaction  rate  that  is  tiae-de pendent . 

On  the  other  side,  when  there  is  a  continuoue  supply  of  fresh 
mixture  directed  to  the  catalyst  the  concentretion  profile  in  the 
vicinity  of  wire  remains  steady  with  time.  However,  the  reactant 
arriving  at  the  surfece  moves  along  the  wire  surface  as  it  undergoes 
chemical  reaction.  Then  each  reactant  experlencee  a  different  reaction 
history  depending  on  the  nature  of  boundary  layer  formed  over  the 
surface.  The  exisymmetry  of  the  reactant  concentrtlon  profile  is  loet 
and  the  reaction  rate  is  eseentially  thet  of  evolutionary  type  in  the 
same  category  as  the  flat-plate  flow. 

In  the  previous  discussion  concerning  the  flow  field  around  the 
catalyst  (Section  3.1.3)  the  flow  over  a  thin  wire  is  considered  as  an 
example  of  steady  state  processes  in  the  limit  of  low  Reynolds  number. 
This  aesumptlon  can  be  made  if  the  flow  velocity  is  not  an  important 
factor  that  influences  the  ignition  behavior  and  the  chemical  reactivity 
of  the  system.  Its  influence  on  the  ignition  temperature  is  found  to  be 
negligible  in  both  propane/alr  and  hydrogen/air  mixtures  for  the  flow 
velocity  considered  here.  That  is,  the  velocity  ranging  from  5  to 
20  cm/ sec  do  not  alter  the  ignition  temperatures.  The  details  are 
reported  in  Section  4.5.1. 

The  velocity  does  affect  the  heat  release  rates  but  to  a  different 
extent  for  different  gas  mixtures.  For  example,  Fig.  5.10  shows  that 
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hydrogen/air  mixture  released  more  heat  ae  the  flow  velocity  la 
Increased  whereas  no  change  la  observed  for  propane/air  mixtures.  The 
difference  in  their  behavior  is  another  proof  that  the  reaction  of 
hydrogen/air  is  diffusion  limited  such  that  improving  the  mass  transport 
process  would  enhance  its  reaction  rate  and  that  the  reaction  of 
propane/air  is  klnetlcally  controlled. 

The  above  result  supports  that  the  catalytic  wire  can  be  considered 
to  be  immersed  in  a  constant  concentration  bath  up  to  the  point  of 
ignition  for  all  fuel/alr  mixtures  tested.  After  ignition  the  steedy 
state  assumption  holds  only  for  the  reaction  that  is  klnetlcally 
controlled. 

The  effect  of  aging  is  not  a  problem  to  the  heat  release  rate.  In 
contrast  to  the  Ignition  temperature  which  is  very  sensitive  to  the 
history  of  catalyst,  the  heat  release  rates  for  both  propane/alr  and 
hydrogen/alr  mixture  is  not  too  adversely  affected  due  to  repeated 
usage.  Figure  3.11  shows  some  decrease  in  the  reactivity  for 
propane/air  mixtures  but  almost  no  decline  in  its  reactivity  for 
hydrogen/alr  mixtures. 

3.4  SUMMARY 

The  beat  release  rates  ere  measured  for  the  fuel/alr  mixtures  of 
propane,  butane,  propylene,  carbon  monoxide  and  hydrogen.  A  more 
detailed  study  is  conducted  with  fuel/oxygen/nitrogen  mixtures  of 
propane  and  carbon  monoxide.  Specifically,  the  effect  of  fuel  and 
oxygen  concentration,  flow  velocity  and  aging  are  studied. 


▲  wide  variety  of  trends  ere  observed.  In  one  end,  the  propane/air 
mixtures  show  the  klnetically  controlled  reaction  rates  while,  in  the 
other  extreae,  hydrogen/ air  reactions  are  completely  diffusion 
limited.  The  other  gases  show  the  reaction  that  is  diffusion  controlled 
only  at  high  temperature. 

The  effect  of  velocity  on  the  heat  release  rates  shows  that  the 
steady  state  assumption  can  be  applied  for  the  reactions  in  the 
klnetically  controlled  regime  but  not  in  the  diffusion  limited  regime. 


CHAPTER  6 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  following  summarizes  Che  work  done  In  the  present  Investigation 

of  catalytic  ignition  and  heat  release  of  fuel/oxygen/nitrogen  mixtures: 

1)  An  original  experimental  set-up  is  designed  and  constructed.  The 
experimental  set-up  includes  an  elaborate  flow  system  to  provide  a 
steady  flow  of  a  completely  heterogeneous  mixture,  an  electronic 
system  for  the  catalyst  heater/ sensor  unit,  and  a  computer  system 
for  data  acquisition  and  processing. 

2)  The  experimental  methodology  adopted  here  is  based  on  isothermal 
microcalorimetry  but  is  greatly  Improved  by  incorporating  automatic 
feedback  control  unit  such  that  both  the  sensitivity  and  the  time 
response  of  the  mlcrocalorlmeter  is  enhanced. 

3)  The  modified  microcalorimeter  is  examined  extensively  in  order  to 
characterise  the  performance  accurately. 

4)  The  effect  of  flow  velocity  on  ignition  temperature  and  heat  release 
rates  are  studied  to  examine  the  applicability  of  steady  state 
assumption  for  the  catalyst  in  a  wire  geometry.  The  result 
indicates  that  the  behaviors  associated  with  kinetically  controlled 
regime  are  independent  of  flow  velocity.  Specifically,  the  ignition 
temperature  of  fuel/alr  mixtures  are  not  affected  by  the  flow 
velocity  if  the  Reynolds  number  is  very  small  (Re  <  1).  However, 
the  heat  release  rate  of  a  reaction  in  the  diffusion  limited  regime 
is  increased  by  increasing  flow  velocity. 

5)  Ignition  temepratures  of  propane,  butane,  propylene,  ethylene, 
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carbon  monoxide  and  hydrogen  are  mapped  as  a  function  of  fuel 
concentrations.  Two  opposing  trends  are  observed.  The  Ignition 
temperature  of  propane  and  butane  decreases  as  their  concentration 
is  increased.  However,  the  reverse  trend  is  observed  for  propylene, 
ethylene,  carbon  monoxide  and  hydrogen.  The  difference  in  the  trend 
is  explained  from  their  chemisorption  strength  relative  to  oxygen. 
The  preferential  adsorption  of  oxygen  in  the  case  of  propane  and 
butane  oxidation  is  compared  to  the  competitive  chemisorption  of  the 
reactants  for  the  other  gases. 

6)  The  study  to  show  the  dependence  of  ignition  and  the  heat  release 
rate  on  fuel  concentration  is  extended  from  fuel  lean  to  rich  cases 
by  diluting  the  mixture  with  nitrogen  to  suppress  gas-phase 
ignition.  The  result  shows  that  the  trend  observed  for  fuel/air 
mixtures  is  continued  even  for  the  mixtures  that  are  very  rich  in 
fuel. 

7)  The  effect  of  oxygen  concentration  on  the  ignition  temperature  and 
heat  release  rates  is  also  studied  fix  propane  and  carbon 
monoxide.  The  ignition  temperature  shows  a  minimum  on  the  lean  side 
of  stoichiometry  for  propane  but,  for  carbon  monoxide,  it  decreases 
monotonlcally  with  increase  in  oxygen  concentration. 

While  the  present  investigation  has  provided  many  useful  insights 
into  the  ctalytlc  ignition  and  heat  release  rates  of  simple  fuels  it  has 
Identified  several  Important  problems  which  require  further 
investigation.  The  major  ones  are  listed  in  the  following. 

1)  k  study  of  the  pressure  effect  is  Important  from  practical  point  of 
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view  because  most  combustors  freuently  operate  with  pressures  In 
excess  of  atmospheric.  From  the  fundamental  viewpoint  it  is 
reasonable  to  expect  that  kinetic  rates  and  mechanisms  will  change 
with  increasing  pressure  because  of  the  increased  molecular 
collision  freuency  as  well  as  the  different  extents  to  which 
catalytic  surface  is  populated  with  different  species.  Thus 
existing  kinetic  data  may  not  be  readily  applicable  to  high  pressure 
situations. 

2)  Low  pressure  study  is  also  needed  since  the  most  of  the  data  on  the 
catalytic  behavior  at  the  molecular  level  is  conducted  at  low  vacuum 
conditions. 

3)  The  second  factor  is  the  multicomponent  nature  of  practical  fuels, 
especialy  alternate  or  non-specification  fuels.  Obviously  one  would 
not  expect  their  kinetic  behavior  to  scale  in  any  simple  manner  with 
the  species  composition.  Certain  active  species  may  dominate  the 
combustion  and  heat  transfer  characteristics  even  if  their 
concentrations  are  reduced  to  very  low  levels. 
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